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aligned  by  the  poling  field  and  renal n  In  or  close  to  this  new  angular 
position  when  the  field  Is  removed.  Ageing  experiments  Indicate  that  they 
do  not  return  to  their  original  positions  even  after  annealing  at  high 
temperature. 
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1.  Suit; 


It  is  well  established  that  significant  piezoelectric  and  pyroelectric 
behaviour  may  be  induced  in  Polyvlnylidene  fluoride  (PVFg)  and  its 
copolymer  with  Tetrafluorethylene  (VFg/TFE)  after  suitable  stretching  and 
poling  at  an  elevated  temperature  with  a  high  d.c.  field  for  an  extended 
period  of  time . 

However,  at  the  start  of  this  work,  there  was  no  definitive  knowledge 
about  the  exact  role  played  by  the  stretching  and  the  poling  processes  with 

regard  to  the  origins  of  piezo-  and  pyroelectricity  in  this  polymer  (PVF  ) . 

2 

Therefore,  this  research  programme  was  begun  with  the  intention  of 
establishing  unambiguously  the  origins  of  high  field  polarization  in  PVF^. 

By  Investigating  the  effects  of  the  stretching  and  the  poling  processes 
independently  and  simultaneously  by  studies  of  structural  and  electrical 
properties,  it  has  been  shown  that  the  observed  microscopic  and  macroscopic 
changes  are  related  and  that  by  optimising  the  treatments,  thermal, 
mechanical  and  electrical,  the  maximum  possible  coefficients  of  piezo-  and 
pyroelectricity  could  be  obtained. 
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EXPERIMENTAL  FINDINGS 


2.  Structure  and  Morphology  of  Films 
2.1  Unatretched  Films 


50pm  thick  rolls  of  PVF^  from  the  Kureha  Chemical  Co.  Ltd.  of  Japan 
vere  studied  by  infra-red  spectroscopy  and  by  X-ray  diffraction  in  both 
transmission  and  reflection  modes  and  were  found  to  have  a  crystallinity 
of  52%  at  room  temperature.  A  method  due  to  Gal'perin1  (see  1st  Annual 
Report)  was  used  to  determine  the  crystallinity.  Furthermore,  the 
crystalline  content  was  found  to  be  entirely  of  the  Form  2  type  of 
crystallites  (see  1st  Annual  Report)  and  changes  in  lattice  dimension 
and  crystallinity  on  thermal  cycling  between  20  and  100  C  were  found  to 
be  reversible. 


The  samples  appeared  to  be  isotropic  in  the  plane  of  the  film  from 
a  study  by  three  different  methods,  which  are  as  follows: 


(i)  Laue  diffraction  rings  were  complete  circles  with  the  same 
intensity  all  the  way  around2. 


(ii) 


the  birefringence  value  (n  - 
A  and  B)  .  X 


ny)  was  negligible  (see  publications 


(iii)  there  was  no  change  in  the  polarised  infra-red  spectrum  by 
rotating  the  sample  through  various  angles2. 

The  spherulitic  nature  of  the  polymer  was  demonstrated  by  the 
production  of  a  four-leafed  clover  pattern  by  small  angle  light  scattering 
through  crossed  polaroids  (see  publications  A  and  B) .  By  measuring  the 
angle  at  which  maximum  intensity  occured,  the  average  radius  of  a 
spherulite  was  estimated  to  be  approximately  3ym . 


2.2  Stretched  Films 


Films  were  stretched  under  oil  up  to  four  times  their  original  length 
at  temperatures  from  60°  up  to  140°C  and  were  clamped  at  constant  length 
for  15  hours  at  120°C  to  prevent  subsequent  shrinkage.  The  thickness  of 
the  film  after  stretching  was  found  to  have  decreased  roughly  in  proportion 
to  the  reciprocal  of  the  square  root  of  the  stretch  ratio. 

Further  samples  were  stretched  by  the  British  Post  Office  at  their 
Martlesham  Research  Centre  at  60°C  up  to  7  times  their  original  length  in 
such  a  way  that  the  thickness  remained  constant,  i.e.  the  film  width 
decreased  on  stretching.  The  U.S.  Army  Materials  Research  Centre  at 
Watertown  also  provided  stretched  and  heat-treated  films  for  our 
investigation. 

The  results  of  stretching  were:- 

(i)  At  lower  temperatures  (i.e.  60°C)  of  stretching,  a  conversion  of 
Fora  2  crystallites  into  Form  1  crystallites  is  achieved  with  a  lower 
stretch  ratio.  The  conversion  is  complete  at  5:1;  however,  a  significant 
portion  of  Form  2  constants  remain  after  stretching  to  5:1  at  140°C. 

(ii)  A  change  of  chain  confirmation  from  TGTG'  occurs  to  a  nearly 
planar  zig-zag  form. 


(ill)  A  preferential  orientation  of  the  crystallites  occurs  and  the  c-axis 
is  aligned  parallel  to  the  stretch  direction.  The  degree  of  preferential 
orientation  increases  as  the  stretch  ratio  and  temperature  are  increased.  No 
evidence  was  found  to  suggest  any  significant  alignment  in  the  amorphous 
phase . 

(lv)  An  increase  in  the  crystalline  disorder,  or  a  decrease  in  the 
average  crystallite  size  was  indicated  by  an  increase  in  the  half-width  of 
diffraction  peaks. 

(v)  Deformation  of  the  spherulites  from  spheres  into  ellipsoids  occurs  at 
relatively  low  stretch  ratios.  Further  deformation  occurs  as  the  stretch 
ratio  is  increased  to  200%  and  the  light  scattering  technique  cannot  detect 
the  presence  of  spherulites  beyond  this  stretch  ratio. 

These  results  are  described  in  publication  A,  B,  C,  1st  Annual  Report  and 
reference  9. 


3.  Structural  Changes  after  Corona  Charging 


3.1  Form  1  Films 

After  corona  charging,  the  structure  was  investigated  using  wide  angle 
X-ray  diffraction.  Fig.  1  shows  the  X-ray  diffraction  peak  (110)+(200)  of  a 
Form  1  sample  before  and  after  corona  charging  at  20°C.  It  is  clear  that  the 
peak  intensity  is  significantly  increased  and  that  the  background  intensity 
(due  to  amorphous  scattering  for  example)  is  noticeably  decreased. 

In  Fig.  2  is  shown  the  increase  in  intensity  of  the  (110)+(20O)  peak  as  a 
function  of  the  applied  surface  potential  corona  charging.  It  may  be  observed 
that  a  saturation  level  of  about  1.35  times  the  unpoled  peak  intensity  is 
reached  at  fields  of  4xl08Vm_1,  This  saturation  level  may  be  achieved  with  a 
lower  applied  field  at  a  higher  charging  temperature2. 

o 

A  simple  model  of  crystallite  orientation  in  units  of  60  developed  by 
Kepler  and  Anderson3predicts  that  the  intensity  of  this  diffraction  peak 
should  increase  with  poling,  but  that  the  saturation  level  should  be  1.2 
times  that  of  the  unpoled  level.  It  is  possible  that  the  additional 
increases  in  the  intensity  of  diffraction  observed  in  the  present  case  and 
not  predicted  by  theory,  may  be  due  to  an  increase  in  crystallinity.  This 
may  occur  due  to  a  removal  by  the  field  of  defects  introduced  into  the  lattice 
on  stretching,  as  proposed  by  Takahashi  et  a14,  and  such  a  conception  may  be 
supported  by  the  observed  decreases  in  the  half-widths  of  the  diffraction  peak 
profiles  with  increa:  ng  field  as  shown  in  Fig.  3. 

These  results  are  discussed  in  publication  C. 

3.2  Form  2  Films 


Only  the  50ym  thick  films  were  found  to  be  completely  in  the  Form  2 
structure  and  it  was  found,  for  these  films,  that  breakdown  occured  at  fields 
>3xlO®Vm-*.  This  is  probably  due  to  thin  films  having  higher  breakdown 
strength  than  thick  films  ,  rather  than  to  the  Form  2  having  a  lower  break¬ 
down  strength  than  the  Form  1. 


However,  extremely  significant  structural  changes  were  observed  by 
X-ray  diffraction  after  corona  charging  due  to  the  creation  of  a  new 
crystalline  form,  originated  by  a  rotation  of  alternate  chains  through 
+90°  and  -90°  to  produce  polar  unit  cells  with  their  polar  axes  aligned 
in  the  direction  of  the  field. 

Experimental  results  and  discussion  are  given  in  the  1st  Annual 
Report  and  in  Publications  A  and  C. 

3.3  Mixed  Form  1  and  Form  2  Films 


Kureha  9,  16  and  25ym  thick  films  were  all  biaxially  oriented  and 
contained  both  Form  1  and  Form  2  crystallites,  although  the  quantities  of 
each  in  the  different  films  were  different.  Also,  films  stretched  uniaxially 
to  fairly  low  extensions  or  at  high  temperatures  contain  significant  amounts 
of  both  crystal  forms . 

X-ray  diffraction  studies  after  corona  charging  of  such  samples  not  only 
confirm  the  formation  of  a  new  crystalline  form  at  the  expense  of  the  Form 
2  crystallites  (see  Publication  D)  but  also  show  that  both  the  Form  2  and 
the  new  polar  variation  were  converted  to  the  Form  1  at  the  highest  fields 
(see  Publications  E  and  F) . 

It  may  be  reported  that  such  structural  modifications  are  accompanied 
by  changes  in  chain  conformation,  which  may  be  characterised  by  infra-red 
spectroscopy.  It  is  not  possible  to  detect  new  bands  associated  with  an 
Intermediate  form  between  Form  1  and  Form  2,  but  the  reduction  in  the 
intensities  of  bands  associated  with  the  Form  2  structure,  i.e.  TGTG'  chains, 
and  the  increase  in  Form  1  (zig-zag)  bands  confirm  that  such  a  change  does 
occur.  This  may  be  observed  in  Fig.  4,  which  shows  the  infra-red  spectrum 
of  a  25iim  thick  sample  before  and  after  corona  charging  with  a  high  field 
(4xl08Vm-1) . 

The  greatest  changes  occur  for  the  bands  at  510,  530,  615,  762,  795 
and  975cm~l.  The  variationsof  these  absorptions  with  applied  corona  voltage 
are  shown  in  Figs.  5  and  6.  It  may  be  observed  that  the  510cm-1  band,  which 
is  associated  with  the  CF2  bend  of  the  Form  1  zig-zag  chain,  is  the  only  one 
which  increases  in  intensity.  Although  all  the  Form  2  band  levels  are 
reduced  by  the  highest  fields,  the  behaviour  of  each  with  field  is  different 
and  only  the  reductions  in  the  intensities  of  the  795cm-*  band  and  of  the 
530cm-1  band  resemble  the  changes  observed  by  X-ray  diffraction.  It  is 

possible  that  Only  the  CH2  rock  and  the  CFg  bend  are  sensitive  to  the  subtle 
change  in  crystallographic  symmetry  associated  with  the  formation  of  a  polar 
Form  2. 


4 .  Piezoelectricity  in  Poled  PVFg 
4.1  Form  1  Films 

At  a  constant  charging  temperature  and  time,  the  piezoelectric  coefficient 
of  a  highly  stretched  film  (Form  1)  was  found  to  increase  in  a  roughly  linear 
manner  with  increasing  applied  field  until  a  saturation  level  is  approached. 
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d„  vs.  voltage  curves  do  not  go  through  the  origin  but  rather  d31  Is 
negligible  until  a  certain  temperature-dependent  threshold  field  value  is 
reached.  At  a  poling  temperature  of  100°C  this  threshold  field  is  <107Vm-1. 

On  cooling  back  to  ambient  temperature  in  the  presence  of  the  applied 
field,  the  piezoelectric  coefficient  was  found  to  increase  by  >10%  at  120° 
compared  to  when  the  field  is  removed  at  the  poling  temperature,  as  shown  in 
Figure  7 .  Other  examples  of  the  effects  of  the  poling  parameters  on  the 
piezoelectricity  are  given  in  the  1st  Annual  Report . 

For  a  stretched  film  it  was  found  that  the  piezoelectric  response  to 
stress  applied  at  an  angle  6°  to  the  stretch  direction,  roughly  obeyed  the 
equation: 


d31COB2e  +  d32sin2e 


as  shown  in  Fig.  8. 


The  ratio  d  :d  increases  with  increasing  stretch  ratio,  as  did  the 
value  of  d3i  for  standard  poling  conditions,  although  saturation  was  found 
to  occur  at  about  5:1  stretch  ratio.  These  results  are  shown  in 
Publication  C. 

It  was  found  that  a  maximum  value  of  about  36pcN  1  could  be  obtained 
for  d3l  from  samples  which  had  been  stretched  by  7:1  at  60°C  and  corona 
charged  to  a  field  of  3xlO®Vm-1 .  However,  if  the  samples  were  heat-treated 
to  prevent  subsequent  shrinkage,  then  dielectric  breakdown  prevented  the 
application  of  fields  in  excess  of  2xlO®Vm-1  with  the  result  that  a  maximum 
value  of  20pcN-1  was  obtained. 

In  all  cases,  it  was  found  that  the  poling  rate  was  a  function  of  both 
the  poling  temperature  and  of  the  applied  field,  which  suggests  that  a 
particular  energy  barrier  must  be  overcome  in  order  to  pole  a  sample  completely 
This  would  support  a  theory  of  crystallite  orientation  through  some  specific 
angle  being  the  mechanism  of  poling. 

4.2  Mixed  Form  1  and  Form  2  Films 


The  poling  characteristics  of  Kureha  films  have  been  widely  reported  and 
this  work  has  been  concentrated  on  comparing  increases  in  piezoelectricity 
with  concomitant  changes  in  structure  and  orientation  of  dipoles.  (See 
Publications  B,  C,  E,  N  and  0.)  Fig.  9  summarises  this  work  by  showing  the 
effect  of  applied  field  on  various  structural  and  electrical  parameters  for  a 
25pm  thick  PVF  film.  In  addition,  it  has  been  shown  that  d3l  increases 
linearly  with  temperature  up  to  about  60°C  and  then  non-linearly  up  to  'V100°C 
(see  Publication  F) .  The  behaviour  of  d31  with  temperature  was  found  to  be 
similar  for  Form  1,  Form  2  and  mixed  Form  1  and  Form  2  samples. 

4.3  Form  2  Films 


The  major  observation  on  the  poling  of  Form  2  films  is  that  a  large 
threshold  field  must  be  applied  before  any  piezoelectric  activity  may  be 
observed.  This  threshold  is  temperature  dependent  as  shown  in  Fig.  10  but 
the  values  of  field  are  significantly  greater  than  those  for  a  Form  1  film. 
These  data  may  again  be  compared  to  corresponding  changes  in  structure,  as  in 
1st  Annual  Report  and  Publication  C  which  give  further  experimental  results  on 
the  piezoelectricity  of  Form  2  films. 


Effects  of  Other  Poling  Parameters 


Neither  the  polarity  of  corona  charging  nor  the  type  of  Metallisation 
employed  (evaporated  gold  or  aluminium  and  silver  paint)  have  been  found  to 
have  any  effect  on  the  magnitude  of  the  piezoelectric  coefficients  measured 
(see  1st  Annual  Report).  Furthermore,  a  comparison  of  samples  poled  by 
corona  charging  at  various  temperatures  and  fields  with  others  poled  in  the 
conventional  (metal-polymer-metal  sandwich  configuration)  way,  shows  that 
there  are  no  fundamental  differences  between  the  methods  other  than  that 
higher  fields  may  be  employed  by  corona  charging  (see  Fig.  11). 

4.5  Ageing  of  Piezoelectricity 

A  comparison  of  the  stability  of  the  piezoelectricity  and  of  the 

structural  modifications  introduced  into  PVF  samples  by  corona  charging  may 

be  seen  in  Publication  G,  where  it  is  shown  that  over  one  half  of  the  initial 

o 

piezoelectricity  is  preserved  after  annealing  at  temperatures  of  up  to  140  C. 

It  has  further  been  shown  that  the  temperature  of  charging  does  not 
affect  the  decay  in  d  since  the  average  decay  for  samples  poled  at  -40  C 
and  those  poled  at  +10O°C  is  the  same  when  the  samples  were  subsequently  kept 
at  100  C  (see  Fig.  12).  This  would  suggest  a  single  ageing  process. 

Further,  small  electrical  fields,  neither  a.c.  nor  d.c.  (of  either 
polarity  with  respect  to  the  original  charging  field)  appear  to  affect  the 
rate  of  decay  of  polarization,  as  shown  in  Fig.  13  where  the  average  decays  of 
poled  films  exposed  to  the  fields  at  100°C  are  not  dissimilar  to  those  of 
unexposed  poled  films. 

It  was  established  that  the  chemical  medium  in  which  the  films  are  kept 
has  little  effect  on  the  rate  of  decay  of  piezoelectricity  by  the  comparison 
of  samples  immersed  in  distilled  water  and  in  sea-water,  both  at  60  C  (see 
Fig.  14). 

Generally,  for  films  poled  under  a  variety  of  conditions  and  stored 
under  ambient  conditions,  the  rate  of  decay  of  d  was  found  to  be 
logarithmic,  as  shown  in  Fig.  15,  and  70%  of  the  initial  activity  remained 
even  after  a  period  of  over  one  year. 

5.  Pyroelectricity 

5.1  The  Direct  Method 


Early  pyroelectric  results  for  both  conventionally  poled  and  corona 
charged  films  of  PVF  were  presented  in  publications  H  and  I.  This  work 
supported  previous  observations  by  other  workers6  ,  though  it  was  shown  that 
the  truly  reversible  pyroelectric  current  is  stable  beyond  100  C  and  that 
the  pyroelectric  coefficient  increases  linearly  up  to  ,v70  C  and  then  super- 
linearly  beyond  that  temperature. 

It  has  also  been  discovered  that  the  pyroelectricity  may  be  enhanced 
by  corona  charging  and  by  stretching  of  the  films.  During  the  first  thermal 
cycle  after  room  temperature  corona  charging  of  a  mixed  Form  1  and  Form  2 
film,  a  peak  is  observed  between  40  and  50  C  with  an  activation  energy  of 
about  1.2eV,  and  the  magnitude  of  the  peak  is  nearly  linearly  related  to 
the  charging  voltage. 
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The  pyroelectric  coefficient,  p,  vs.  T  curves  of  all  the  crystal  forms  of 
poled  PVF2  have  the  same  shape  which  does  not  depend  on  the  degree  of  poling. 
Furthermore,  the  similarities  between  the  curves  and  those  for  dgi  vs.  T 
suggest  that  the  origins  of  piezoelectricity  and  pyroelectricity  are  similar 
in  this  polymer.  These  results  appear  in  Publication  F. 

5.2  The  Dynamic  Method 

The  dynamic  response  of  poled  PVFg  to  a  pulse  of  radiation  (laser  beam) 
can  be  separated  into  the  super  position  of  two  decaying  exponentials  governed 
by  the  thermal  and  the  electrical  time  constants  of  the  linkage  and  the 
measurement  circuit7  respectively.  Also  the  magnitude  of  the  current  peak, 

Ip,  was  found  to  be  directly  proportional  to  both  the  pyroelectric  coefficient 
measured  at  28°C  (by  the  direct  method)  and  to  the  piezoelectric  coefficient 
dg^  of  similarly  poled  samples.  These  results10  are  presented  in  full  in 
publication  J. 


6.  Non-Uniformity  of  Poling 

6.1  Piezoelectric  Measurements 

Results  of  experiments  involving  the  poling  of  thin  films  of  PVFg  in  a 
stack  indicate  that  considerable  non-uniformity  of  poling  exists  across  the 
stack  thickness.  For  three  films  poled  in  series  it  was  found  that  the  film 
closest  to  the  positive  electrode  during  poling  was  in  each  case  the  most 
piezoelectric.  In  Table  1  are  the  results  for  samples  poled  for  5  minutes 
with  a  field  of  4xl07Vm-1,  sample  thickness  being  9pm.  In  this  case,  i.e. 
conventional  poling,  the  non-uniformity  decreases  as  the  degree  of  poling 
increases.  However,  when  a  similar  experiment  was  performed  at  room  tempera¬ 
ture  using  the  corona  charging  technique,  the  results  were  significantly 
different,  as  shown  in  Table  2.  Although  non-uniformity  still  exists,  it  is 
less  than  in  the  conventional  poling  case  and  also  the  trends  are  opposite , 
i.e.  non- uniformity  increases  with  increasing  poling,  and  the  centre  sample 
has  the  highest  activity. 

Clearly,  the  two  poling  methods  must  be  establishing  different  field 
distributions  within  the  stack.  In  the  case  of  conventional  poling,  electrode 
or  interfacial  polarization  may  build  up  at  the  discontinuities  so  that  space 
charge  effects  may  cause  field  perturbations.  On  the  other  hand,  the  corona 
charging  procedure  may  drive  ions  into  the  surface  exposed  to  the  corona  and 
alter  the  field  in  that  way.  Further  work  is  necessary  to  clarify  the  above 
observations . 

6.2  Structural  Non-Uniformity  of  Poling 

It  has  been  shown  that  the  crystalline  structures  of  PVF2  films  originally 
containing  both  the  Form  1  and  the  Form  2  crystallites  are  significantly  altered 
by  the  corona  charging  procedure,  and  also  that  the  reduction  in  the 
intensities  of  certain  infra-red  absorption  bands,  such  as  that  at  795cm 
band,  may  provide  a  convenient  means  of  monitoring  the  degree  of  poling  (see 
Fig.  9). 

The  infra-red  absorption  or  optical  density  as  conventionally  measured 
through  the  thickness  of  the  film  may  identify  the  structure  in  the  bulk  of  the 
film.  The  use  of  the  Attenuated  Total  Reflection  (ATR)  infra-red  spectroscopy 
method  allows  the  examination  of  the  surface  extending  up  to  2  to  3ym  of  the 
film.  In  the  present  work,  the  795cm-1  band  has  been  selected  for  A.T.R. 
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analysis  and  it  has  been  found  that,  as  a  result  of  corona  charging,  with 
a  positive  corona,  great  differences  exist  between  the  changes  in  the 
bulk  and  those  at  the  two  surfaces,  as  shown  in  Fig.  16.  Both  positive 
and  negative  corona  produce  similar  changes  in  the  bulk  but  the  surface 
changes  are  slightly  different  as  Fig.  17  shows  for  the  negative  corona 
case.  Howevsr,  it  is  clear  that  in  both  cases  the  changes  at  the 
corona  surfaces  (and,  therefore,  the  field  experienced  at  those  surfaces) 
are  much  less  pronounced  than  those  in  the  bulk8 . 

Such  results  further  indicate  that  homocharge  injection  (in  the  form 
of  ions  from  the  air)  must  occur  at  the  unelectroded  top  surface  of  the 
sample  during  corona  charging  and  the  presence  of  the  charge  layer  causes 
a  reduction  in  the  field  level  close  to  the  surface  and  an  enhancement  of 
the  field  in  the  sample  bulk. 

6.3  Pyroelectric  Non-Uniformity 

Applying  the  dynamic  pyroelectric  method  (publication  J)  to  reversible 
samples  which  had  been  corona  charged  with  positive  ions  at  room 
temperature,  it  was  found  that  the  peak  intensity,  Ip,  obtained  by 
illuminating  the  side  of  the  sample  which  had  been  earthed  during  the 
charging,  was  greater  than  that  obtained  by  illuminating  the  corona  side. 
However,  for  a  conventionally  poled  sample,  it  was  found  that  Ip+>  Ip~ 
but  by  a  smaller  margin.  Since  it  can  be  assumed  that  the  radiation  is 
absorbed  at  the  near  electrode,  then  these  results  are  in  agreement  with 
the  other  results  on  non-uniform  poling. 

These  results  are  presented  in  Publication  K. 


7.  Current  Measurements 


7.1  Transient  Charging  and  Discharging  Currents 

It  is  generally  accepted  that  the  absorption  current  in  an  insulating 
material,  on  the  application  or  removal  of  a  step  voltage,  may  be 
attributed  to  the  following  mechanisms  of  polarization  in  the  bulk: 

(i)  electrode  polarization;  (li)  dipole  orientation;  (iii)  charge  storage 
leading  to  trapped  space  charge  effects;  (iv)  tunnelling  of  charge  from 
the  electrodes  to  empty  traps;  (v)  hopping  of  charge  carriers  through 
localized  states.  The  exact  nature  of  absorption  currents  may  be  identified 
from  a  study  of  dependence  of  charging  and  discharging  currents  on  parameters 
such  as  electric  field,  sample  thickness,  electrode  materials,  temperature, 
time  and  the  relation  between  the  charging  and  discharging  currents.  Complete 
results  of  this  study  in  the  present  work  are  given  in  the  first  annual 
report,  publication  M,  references  11  and  12,  and  some  additional  information 
is  also  available  in  reference  2.  A  summary  of  absorption  current  results11 
is  given  in  Table  3. 

Below  273K  it  was  found  that  the  charging  and  discharging  currents 
were  mirror  images  at  all  fields  employed  in  this  work  ^4xl07Vm-1.  Thus, 
ruling  out  space  charge  mechanism  in  this  temperature  and  field  range. 

Above  room  temperature,  the  current  transients  are  no  longer  mirror  images 
and  the  charging  current  was  observed  to  reach  a  peak  in  longer  times 
(>10^s)  after  the  application  of  a  step  field  ('V'lO^Vm-^)  before  decaying 
to  a  quasi-steady  state  value  at  times  >10ss.  Such  a  behaviour  may  be 
attributed  to  a  slow  drift  of  charge  carriers  and  bulk  space  charge  release 
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without  actually  limiting  the  current  injection.  Figure  18  shows  the  time 
dependence  of  the  charging  currents  at  50°C,  the  range  of  field  being 
5xl04  -  2xl07Vm_1 .  The  field  dependence  of  charging  and  discharging 
currents  at  constant  times  at  40°C  are  shown  in  figure  19,  from  which  it 
may  be  observed  that,  for  fields  104  to  107Vm-1,  transient  currents  are 
mirror  images  of  each  other  even  at  this  temperature  up  to  a  field  of 
^106Vm"l  at  shorter  times  with  unity  gradient  (dl/dE) .  However,  there  is 
a  progressive  departure  from  this  mirror  image  behaviour  of  the  current 
transients  at  longer  times  and  higher  fields,  probably  due  to  the  onset 
and  predominance  of  the  conduction  current  component  over  the 
displacement  current . 

The  absorption  currents  in  PVF2  were  also  observed  to  be  independent 
of  sample  thickness  and  electrode  materials.  Thus  space  charge  mechanism 
may  again  be  ruled  out  as  responsible  for  limiting  the  injection  of  charge 
carriers  significantly  from  the  electrodes.  It  may  be  noted  that,  should 
there  be  an  oxide  layer  between  the  electrode  material  and  the  polymer 
(interface  states),  then  there  will  be  two  interfaces,  one  between  the 
metal  (electrode  material)  and  the  oxide  and  the  other  between  the  oxide 
and  the  polymer.  The  interface  between  the  oxide  and  the  polymer  is  more 
important  from  the  standpoint  of  electrical  properties,  because  any  charged 
traps  at  or  near  the  oxide-polymer  interface  will  affect  the  barrier  height 
far  more  than  a  charged  trap  at  or  near  the  metal-oxide  interface,  which  will 
have  virtually  no  effect  on  the  electrical  properties  of  the  contact.  The 
barrier  height,  in  such  a  case  ('modified  Bardeen  barrier')  is  determined 
largely  by  the  properties  of  the  oxide  layer.  Although  this  may  possibly 
explain  the  observed  electrode  (material)  independence  of  the  current 
transients,  electrode  polarization  mechanism,  however,  predicts  that 
n=0.5  initially,  followed  by  n>l  in  the  expression 

I(t)  =  A(T)t_n 

where  I  is  the  absorption  current,  A  is  a  weakly  temperature  dependent 
parameter  and  other  symbols  have  their  usual  meaning.  The  observed  n-values 
in  the  present  work  (see  Table  3)  would  thus  eliminate  the  mechanisms  of 
electrode  polarization  and  charge  injection  forming  trapped  space  charge  as 
being  responsible  for  the  nature  of  absorption  currents  in  PVF^.  The 
observed  peak  in  the  charging  transients  must  then  be  due  to  a  shuffling  and 
drifting  of  bulk  space  charge  in  the  virgin  material  under  the  influence  of 
externally  Impressed  field  and  temperature.  This  space  charge  density  at  all 
times  before  a  steady  state  conduction  is  reached  must  exceed  that  of  the 
injected  carrier  density;  otherwise  a  truly  injection  limited  space  charge 
limited  current  behaviour  would  have  been  observed. 

The  tunnelling  model  assumes  a  presence  of  empty  traps  lying  in  the  band 
gap  of  the  insulator.  On  application  of  a  step  voltage,  electrons  tunnel 
from  an  electrode  into  the  empty  trap  sites.  The  model  predicts  the  current 
to  be  inversely  in  proportion  to  the  sample  thickness  and  reasonably 
independent  of  the  temperature.  The  observed  behaviour  of  absorption 
currents  would  reject  the  tunnelling  mechanism  to  be  responsible  on  both 
counts . 

The  temperature  behaviour  of  the  isochronal  (at  constant  times)  discharge 
current  (figure  22)  show  two  distinct  peaks  at  ,v-40oC  and  60°C.  These  may 
correspond  to  the  aa  -  relaxation  process  close  to  the  glass  transition 
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temperature,  Tg,  at  ^50°C  in  the  amorphous  phase  and  the  ct^  process 
due  to  interfacial  polarization  or  the  release  of  trapped  charges,  a c 
observed  in  the  T.S.C.  experiment,  respectively  (see  publication  F,  for 
example) . 

The  discharge  current  does  not  increase  linearly  with  increasing 
charging  field  at  high  temperatures.  This  may  be  explained  either  by  an 
onset  of  a  permanent  polarization  in  the  bulk  (i.e.,  an  alignment  of  dipoles 
and  their  stability  in  their  own  internal  field)  or  a  field  cleaning  of 
bulk  space  charges  at  suitably  high  fields.  The  time  and  temperature 
dependence  of  the  transient  currents  may  be  described  by  the  interfacial 
polarization  process  at  low  fields  (-^lO^Vm-1)  which  may  be  related  to  the 
a^-process.  At  fields  >107Vm"1  the  field  dependence  of  isochronal  charging 
current  becomes  super-linear  (see  figure  19)  which  is  in  disagreement  with 
the  interfacial  polarization  model.  This  could,  however,  be  explained  by  a 
carrier  hopping  process  which  may  at  longer  times  produce  a  quasi-steady 
state  conduction. 


7.2  Quasi-Steady-State  Conduction 

At  no  time  did  the  absorption  current  reach  a  true  steady  state  within 
the  experimental  range  of  time  (tmax'\'105s)  temperature (Tmaxa<405K)  and 
field (Eaax'v4xl07Vnr1) .  For  low  fields  the  quasi-steady  state  current  I8  was 
reached  after  a  time  which  was  observed  to  be  temperature  dependent  (figure  20) . 
Assuming  an  Arrheneius  type  of  thermal  activation  process,  a  plot  of  ls(t)/jt 
yields  an  activation  energy  of  leV.  At  higher  temperatures  and  fields,  it 
became  difficult  to  find  even  a  quasi-steady  state  level  due  to  drifting 
space  charges  (or  ions)  through  the  sample. 

Many  calculations  have  been  made  to  determine  the  band  structure  of 
polymers  but  little  is  known  about  their  electronic  structure.  However,  it 
seems  to  be  agreed  that  large  energy  gaps  exist  between  the  filled  and  empty 
states  with  ill-defined  band  edges  due  to  the  presence  of  localised  states. 

The  impurities  which  are  likely  to  exist  in  polymeric  materials  could  not 
account  for  any  appreciable  electronic  carrier  generation  and  conduction 
currents  are  most  likely  due  to  injected  carriers  in  general.  However,  the 
mechanism  of  ionic  conduction,  particularly  at  high  temperature,  should  also 
be  seriously  considered. 


It  appears  that  no  single  conduction  mechanism  may  be  attributed  to  the 
observed  results  in  the  entire  ranges  of  temperature  and  field  in  the  present 
work.  A  linear  relationship  of  the  I-V  characteristics  is  obeyed  up  to  a 
field  'vlO®Vm~1  beyond  which  a  square  law  relationship  may  describe  the  current- 
voltage  relationship  with  the  present  data.  However,  it  should  be  pointed  out, 
that  the  space  charge  model  requires  not  only  a  superlinear  dependence  of  the 
current  with  the  voltage,  but  also  a  thickness  dependence  (IoX^.,  where  d  is 


the  sample  thickness)  which  was  not  observed  in  the  present  work.  Furthermore, 
assuming  a  space  charge  model,  the  calculated  charge  carrier  mobility  was 
observed  to  be  linear!}  related  to  the  external  field  (see  Figure  2J).  The 
thermal  activation  energy,  which  was  calculated  to  be  leV  at  10®Vm  ),  was  also 

observed  to  be  field  dependent.  Thus  the  I-V  characteristics  may  not  be  supported 
by  the  simple  space  charge  theory  which  assumes  that  trap  energies  are  unaffected 
by  the  field.  The  observations  of  linear  dependence  of  mobility  values  with 
fields  and  the  reduction  of  activation  energies  with  fields  may,  however,  be 
explained  by  a  field-induced  hopping  process .  In  view  of  the  above  arguments , 
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the  analysis  of  steady  state  conduction  measurements  in  PVF2  by  Takahashi  et 
al13,  who  proposed  a  Richardson-Schottky  model,  should  be  treated  with  caution. 

It  is  suggested  that  further  work  is  necessary  to  investigate  the  mechanism  of 
steady  state  electrical  conduction  in  PVFg. 

8 .  Conclusions 

The  results  of  these  experiments  indicate  that  at  least  a  large  part  of 
the  polarization  in  PVF2  after  poling  is  due  to  dipole  orientation  in  the 
crystalline  regions.  There  is  ample  evidence  to  show  that  crystallites  are 
aligned  by  the  poling  field  and  remain  in  or  close  to  this  new  angular 
position  when  the  field  is  removed.  Ageing  experiments  indicate  that  they 
do  not  return  to  their  original  positions  even  after  annealing  at  high 
temperatures . 

Films  of  nonpolar  Form  2  PVF2  may  be  made  to  exhibit  considerable  piezo- 
and  pyroelectric  response  by  high  field  ('v-SxlO^Vm-1)  poling  at  room  temperature. 
This  has  been  shown  to  be  due  to  a  change  of  crystallographic  symmetry  of  the 
Form  2  unit  cell  (F.g.  23)  with  C2V  space  group  into  an  'intermediate*  polar 
form  (Fig.  24).  It  has  been  suggested14  that  this 'intermediate '  structural 
form  may  be  produced  by  a  co-operative  rotation  of  the  alternative  chains 
through  180°  about  the  -C-C-  axis  without  producing  a  change  in  the  unit  cell 
(Form  2)  dimensions,  but  with  rotations  of  the  crystallite  a-  and  b-axis 
through  180°.  This  is  equivalent  to  a  rotation  of  all  the  Form  2  chains  by 
90°,  but  with  alternate  chains  rotating  in  opposite  directions  to  provide  a 
stable  state.  At  still  higher  fields  (>3xlO®Vm-1)  there  is  a  progressive 
conversion  of  the  'intermediate'  polar  Form  2  crystallites  into  a  polar  Form  1 
structure  (Fig.  25)  with  a  zig-zag  molecular  conformation.  On  the  other  hand, 
on  uniaxial  stretching  of  the  polymer,  there  is  a  direct  conversion  of  the 
Form  2  crystallites  into  Form  1  structure  with  randomly  oriented  dipole  moments. 
On  subsequent  poling  the  dipoles  align,  of  course,  at  a  particular  angle  with 
the  direction  of  poling  field.  The  dominant  mechanism  of  piezo-  and  pyro¬ 
electricity  in  this  polymer  remains,  however,  of  dipolar  nature,  originating  in 
the  crystalline  phase  (see  reference  15  and  publication  A) . 

The  induced  polarization  is  remarkably  stable  even  after  annealing  the 
poled  specimens  at  temperatures  much  higher  than  Tp  (poling  temperature) . 

This  would  suggest  that  the  dipoles  remain  aligned  in  their  high  internal  fields 
which  must  be  significantly  greacer  than  kT  even  at  100°C. 

It  is  possible  that  space  charges  are  also  present  in  the  film.  However, 
the  distribution  of  space  charges  in  the  bulk  of  the  material  after  poling  is 
not  of  importance  as  regards  permanent  polarization.  Such  space  charges  may  be 
removed  by  thermal  cleaning  without  significant  decrease  in  the  piezoelectric 
and  reversible  pyroelectric  responses.  A  presence  of  space  charges  at  low  to 
moderate  fields  may  provide  a  non-uniform  bulk  polarization.  Such  non-uniformity, 
however,  is  progressively  removed  with  increasing  poling  fields. 

It  has  been  possible  to  achieve  a  stable  value  of  dg^  as  high  as  40pCN 
The  highest  magnitude  of  the  pyroelectric  coefficient  was  observed  to  be 
%2.7nC/cm2  °C  at  20°C2. 
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ABSTRACT 

X-ray  diffraction  profiles  and  piezoelectric  strain  coefficient  d^  of  50pm 
thick  polyvinylidene  fluoride  (PVF^)  films,  originally  containing  non-polar  Form 
2  type  crystallites,  have  been  studied  after  (i)  corona  poling  (ii)  uniaxial 
stretching  and  (iii)  uniaxial  stretching  and  corona  poling.  The  results  suggest 
that  piezoelectricity  in  this  material  is  of  dipolar  origin.  Furthermore  a  study 
of  the  changes  in  birefringence  and  small  angle  light  scattering  (SALS)  patterns 
have  also  been  made  in  the  present  work.  The  results  indicate  that  the  major 
contribution  to  the  observed  orientation  on  uniaxial  stretching  originates  from 
the  crystalline  region  of  the  polymer. 


1.  INTRODUCTION 

Polyvinylidene  fluoride  (PVFj)  can  be  made  to  exhibit  piezo-  and  pyroelectric 
responses  significantly  greater  than  those  of  other  polymers  after  suitable  poling. 
The  conventional  poling  procedure  is  to  subject  the  polymer  to  a  very  high 
electrical  stress  at  an  elevated  temperature  for  an  extended  period  of  time  and 
then  to  reduce  the  temperature  of  the  specimen  to  ^20^  (i.e.  room  temperature) 
without  removing  the  external  field.  PVF^  may  exist  at  least  in  two  stable  poly¬ 
morphs.  In  Form  1  (B-form)  polar  structure,  the  molecules  have  a  planar  zig-zag 
conformation  and  the  orthorhombic  unit  cell  with  two  polymer  chains  has  the  space 
group  Cs^micly) ,  the  lattice  constants  being  a  ■  8.58^,  b  ■  4.9lX  and  c  (i.e.  chain 
axis)  ■  2.56A  (Fig.  1),  (ref.  1,  2).  In  the  Form  1  structure  the  dipole  moments 

of  the  monomer  units  (-CH.-CF,-)  are  all  aligned  parallel  to  each  other,  the 

^  -30 

magnitude  of  the  dipole  moment  for  each  monomer  unit  being  7.0  x  10  C-m  (ref.  3). 

Assuming  a  rigid  dipolar  model  the  spontaneous  polarization  of  a  single  crystal  of 

-2 

the  Form  1  type  PVF^  will  be  0.13  C-m  (ref.  4)  and  it  will  exhibit  piezoelec¬ 
tricity  without  any  external  poling.  Form  2  crystallites  (a-form)  have  a  space 
group  P^/CiC^jj)  w*th  a  primitive  monoclinic  unit  cell  structure  with  the  lattice 


Fig.  1.  Form  1  PVF^  viewed  along  c-axis  (along  main  chains). 

parameters  (see  Fig.  2)  a  -  4.96ft,  b  *  9.64ft,  c  -  4.62ft  and  6  ■  90°  (ref.  2). 
Although  each  molecular  chain  with  T-C-T-C’  conformation  of  the  Form  2  structure 
has  a  dipole  moment  normal  to  the  chain  axis,  however,  the  adjacent  chains  pack 
with  their  dipoles  in  an  anti-polar  array.  As  a  result,  the  unit  cell  of  Form  2 
structure  has  no  nett  dipole  moment  along  the  b-axis.  Thus  PVF^  films  of  Form  2 


b  »  9  64  A 

O  ' F  '  °  ’ C :  °'H: 


Fig.  2.  Form  2  PVF^  viewed  along  c-axi»  (along  main  cbaina). 

structure  may  not  be  expected  to  be  piezoelectric.  The  Forts  2  crystallites  may  be 
transformed  into  Form  1  type  crystallites  on  uniaxial  stretching  of  FVFj  films  at 
a  temperature  '^60°C.  However,  the  piezoelectric  response  of  such  stretched  films 
will  be  negligible  without  subsequent  poling.  A  conversion  from  Form  2  into  Form  1 
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type  of  crystallites  has  also  been  reported  with  corona  charging  of  PVF^  films 
originally  containing  both  the  forms  (ref.  5,  6).  Murayama  et  al  (ref.  7)  show 
that  in  PVF^  films  containing  both  forms  of  crystallites,  the  piezoelectric 
response  increases  with  increasing  Form  1  content.  Wada  and  Hayakawa  (ref.  4) 
suggest  that  the  piezo-  and  pyroelectricity  in  PVF^  may  be  due  to  one  of  the 
following  mechanisms ,  (i)  strain  and  temperature  dependence  of  spontaneous  polari¬ 
zation  (i.e.  a  dipolar  model)  and  (ii)  heterogeneity  and  embedded  charges  in  the 
bulk  of  the  polymer.  Due  to  the  symmetry  properties  of  the  point  group  mm2  for 
the  uniaxielly  stretched  and  poled  PVF^  films  the  non-zero  tensor  elements  of  the 
piezoelectric  strain  coefficients  (ref.  8)  are  ed^j,  +d2^,  +djj,  *<*32  an<*  ""^331 
where  the  first  and  second  subscripts  refer  to  the  direction  coordinates  of 
polarization  and  stress  respectively.  It  may  be  noted  that  Ohigaahi  (ref.  9)  has 
shown  that  a  large  piezoelectric  strain  coefficient  d^  may  be  obtained  by  poling 
PVFj  films  containing  mostly  the  nonpolar  Form  2  crystallites.  This  observation 
apparently  suggests  that  the  dipolar  orientation  may  not  be  the  origin  of  piezo¬ 
electricity  in  PVFj.  On  the  other  hand,  the  observations  of  the  hysteresis  loop 
with  the  piezo-  and  pyroelectric  coefficients  in  PVF^  under  the  d.c.  bias  fields 
(refs.  10-13)  with  reproducible  residual  polarization  (refs.  4,  14)  would  tend  to 
favour  the  dipolar  model.  There  is  thus,  as  yet,  no  definitive  knowledge  of  the 
nature  and  origin  of  piezo-  and  pyroelectricity  in  PVF^. 

Present  work  reports  the  results  of  a  study  of  structural  changes  and  the 
behaviour  of  the  piezoelectric  strain  coefficient  d^  on  (i)  drawing,  (ii)  poling 
(conventional  and  corona  charging),  and  (iii)  drawing  and  corona  charging  PVF2 
films,  originally  containing  mostly  Form  2  crystallites.  X-ray  diffraction  method 
and  observations  of  changes  in  birefringence  and  Small  Angle  Light  Scattering  (SALS) 
patterns  were  used  for  structural  studies  in  this  work.  All  measurements  were 
carried  out  with  50um  thick  films  of  PVF^  which  were  kindly  provided  by  Kureha 
Chemical  Industries  Company  Limited  of  Japan. 

2 .  EXPERIMENTAL 

PVF^  films  were  uniaxial ly  stretched  at  60°C  and  subsequently  annealed  at  120°C 
to  prevent  shrinkage.  Aluminium  electrodes  were  then  vacuum  deposited  on  one 
surface  of  the  samples.  The  metallised  surface  was  earthed  and  positive  corona 
charges  were  deposited  on  the  non-metal li sed  surface  of  the  polymer  from  a  corona 
point  which  was  connected  to  a  stabilised  EKT  supply,  the  surface  potential  being 
monitored  by  a  Field-Mill  type  electrostatic  voltmeter.  A  micromesh  control  grid, 
connected  to  a  separate  EHT  supply  and  maintained  at  3KV  potential  below  that  of 
the  corona  point  was  introduced  between  the  non-metallised  polymer  surface  and  the 
corona  point  to  obtain  a  uniform  charging.  The  potential  at  the  surface  of  the 
polymer  was  observed  to  reach  the  desired  values,  in  all  cases,  in  a  time  not 
exceeding  10  seconds.  After  completion  of  poling  the  non-metallised  surface  of 
the  polymer  was  earthed  temporarily. 
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X-ray  diffraction  patterns  were  obtained  using  a  step-scanning  technique  with 
Ni-filtered  Cu-Ka  radiation  of  wavelength  1.54X  and  a  Philips  X-ray  diffractometer 
(Model  PW1050) .  The  evaporated  aluminium  electrodes  on  one  of  the  surfaces  of  the 
polymer  was  used  as  an  internal  standard  and  the  uncertainty  in  the  observed  value 
of  28-position,  where  6  is  the  Bragg  angle,  was  less  than  0.1°,  X-ray  diffraction 
patterns  were  obtained  for  (i)  uncharged  PVF^  films,  (ii)  after  (positive)  corona 
charging  at  different  surface  potentials,  up  to  a  maximum  of  15KV,  (iii)  with 
increasing  stretch  ratios,  not  exceeding  180Z  and  (iv)  with  stretched  and  corona 
charged  specimens . 

A  second  aluminium  electrode  was  then  evaporated  on  the  other  surface  of  the 
poled  samples  following  the  diffraction  measurement.  The  electrodes  of  each  sample 
were  then  short  circuited  again  for  fifteen  hours.  The  piezoelectric  strain  coef¬ 
ficient  d^  was  subsequently  obtained  by  measuring  the  open  circuit  voltage 
developed  across  a  standard  mica  capacitor,  which  was  connected  in  parallel  with 
the  specimen,  using  a  conventional  static  method  of  releasing  a  fixed  weight.  A 
standard  weight,  attached  to  the  specimen,  was  released  by  using  an  electro- 
pneumatic  solenoidal  valve.  The  open  circuit  voltage  developed  by  the  piezoelectric 
charge  was  monitored  with  a  Tektronix  Storage  Oscilloscope  (Model  549  with  1A7 
amplifier) . 

A  He-Ne  laser  beam  was  employed  for  studying  changes  in  birefringence  and  SALS 
(small  angle  light  scattering)  patterns  as  a  function  of  stretch  ratio.  The  total 
birefringence  4  was  determined  by  the  Senarmont  method  (ref.  15)  which  utilises  an 
analyser  quarter  wave  plate  between  crossed  polarizers  in  the  mode.  The  laser 
beam  was  spatially  cleaned  (see  Fig.  3)  by  locating  a  small  pinhole  of  6|im  diameter 


\ 


Fig.  3.  The  experimental  arrangement  to  obtain  light  scattering  patterns  in  the 
Hv  mode  (cross  polarizers). 
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at  the  focal  plane  of  a  bi-convex  lens.  Using  a  second  bi-convex  lens  of  a 
suitable  focal  length,  a  collimated  beam  of  6sm  diameter  was  then  obtained.  The 
experimental  arrangement  for  obtaining  the  SALS  pattern  was  similar  to  that  of 
Stein  and  Rhodes  (ref.  16)  and  is  shown  schematically  in  Fig.  3. 

3.  RESULTS 


Fig.  4.  X-ray  diffraction  patterns  of  (50um)  PVF^  poled  at  20°C  (unstretched). 

Figure  4  shows  a  typical  set  of  X-ray  diffraction  profiles  of  the  corona  charged 
(i.e.  poled)  polymer  at  surface  potentials  of  10  and  15KV.  A  diffraction  pattern  of 
the  unpoled  polymer  is  also  superimposed  in  Fig.  4  for  the  sake  of  comparison. 

Fig.  5  shows  the  behaviour  of  the  piezoelectric  strain  coefficient  d.^  with  the 
poling  field  (corona  poling).  The  diffraction  patterns  of  the  stretched  (185Z 
stretch  ratio)  and  stretched  and  poled  specimen  are  shown  in  Fig.  7.  The  variation 
of  d^j  with  stretched  and  corona  charged  specimen  with  the  stretch  ratio  is  shown 
in  Fig.  8.  Figs.  9  and  10  show  the  changes  in  birefringence  and  the  SALS  patterns 
respectively  with  different  stretch  ratios. 
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Fig.  5.  Piezoelectricity  as  a  function  of  field  for  (50pm)  PVF2  originally  } 

completely  in  the  Form  2  type  structure.  j 

4.  DISCUSSION 

The  diffraction  profile  of  unstretched  and  unpoled  PVF^  film,  containing  moatly 
Form  2  crystallite  and  shown  in  Fig.  4,  is  in  good  agreement  with  Hasegawa  et  al 
(ref.  2).  It  may  be  observed  from  Fig.  4  that  the  peak  values  of  the  diffracted 
intensities  of  the  Form  2  structural  planes  (100)  and  (020)  become  vanishingly 
small  with  corona  charging.  Furthermore,  the  peak  intensity  of  the  Form  2  (110) 
plane  increases  with  the  increasing  poling  field  (Fig.  4).  Das-Gupta  and  Doughty 
(ref.  7)  have  shown  that  similar  changes  in  the  diffraction  patterns  also  occur 
on  corona  poling  of  PVF2  films  containing  both  Form  1  and  Form  2  crystallites. 

However,  it  may  be  observed  from  Fig.  4  that  even  with  the  very  high  poling  field 
8  —  1 

of  3x10  Vm  (i.e.,  15KV  case)  there  is  no  apparent  evidence  of  a  transformation 
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from  Form  2  (non-polar)  crystallite  to  a  polar  Form  1  structure.  At  the  same  time 

it  may  be  observed  from  Fig.  5  a  very  significant  enhancement  of  the  magnitude  of 

d».  occurs  on  corona  poling  of  PVF.  films  of  Form  2  structure,  reaching  a  value  of 
■*1  —12  —l  *"  8  —  1 

>7x10  CN  at  a  poling  field  of  3x10  Vm  .  It  has  been  stated  above  that  using 

a  dipolar  model  an  antipolar  unit  cell  of  Form  2  structure  may  not  give  rise  to 
piezoelectricity.  Furthermore,  the  depolarization  current  studies  in  PVF^  with 
respect  to  the  variable  parameters,  viz.  poling  fields,  time,  temperature,  elect¬ 
rode  thickness  and  electrode  materials  indicate  (ref.  18)  no  significant 
evidence  of  charge  injection  from  the  electrodes  leading  to  space  charge  formation 
in  the  bulk  of  the  polymer  at  such  high  fields.  Therefore,  in  view  of  the  observed 
results  in  Figs.  4  and  5,  structural  transformation  of  the  non-polar  form  to  an 
intermediate  polar  form  without  any  alteration  of  the  lattice  dimensions  of  the 
Form  2  structure  must  occur  on  corona  poling  in  PVF^  films,  originally  containing 
mostly  Form  2  crystallites.  Such  a  conversion  to  an  intermediate  polar  form  but 
stillmaintaining  the  T-G-T-G*  conformation  of  the  molecular  chain  may  occur  on 
poling  by  only  a  rotation  of  the  alternate  molecular  chains  about  c-axis  through 
180°,  which  is  illustrated  in  Fig.  6.  The  stability  of  this  intermediate  polar 
form,  which  is  in  agreement  with  Das-Gupta  and  Doughty  (ref.  17)  with  the  lattice 
dimensions  of  the  Form  2  unit  cell  structure  would  not  violate  the  conditions 
required  for  the  minimum  potential  energy  (ref.  19,  20).  Such  a  model  will  also 
explain  the  observed  reduction  of  the  reflection-diffraction  patterns  of  the  Form 

2  (100)  and  (020)  planes.  Davis  et  al  (ref.  20)  also  add  that  at  still  higher 
8  —1 

fields  ^5x10  Vra  a  conformational  change  may  occur  in  which  the  intermediate 
polar  Form  2  crystallites  are  finally  converted  to  the  polar  zig-zag  type  Form  1 
crystallites.  This  is  also  in  agreement  with  Das-Gupta  and  Doughty  (ref.  17). 

On  uniaxial  stretching  (180Z  stretched  ratio)  as  expected,  a  molecular 
conformational  change  occurs  in  the  polymer,  giving  rise  to  a  Form  1  type  of 
structure  which  may  be  evidenced  in  Fig.  7  by  the  (i)  presence  of  the  dominant 
( 1 10) / ( 200)  composite  peak  and  (ii)  the  absence  of  the  Former  Form  2  (110)  peak. 

On  corona  charging  of  the  stretched  film  the  composite  (110) /(200)  peak  of  the 
Form  1  type  structure  was  observed  to  be  further  enhanded  (Fig.  7).  Even  after 
such  a  conformational  change  due  to  uniaxial  stretching,  the  magnitude  of  d^  of 

unpoled  specimens  was  found  to  be  insignificant  in  comparison  with  that  of  stretched 

-12  -1 

and  poled  specimens  for  which  a  value  as  high  as  ^15x10  CN  (see  Fig.  8)  was 

observed  at  180Z  stretch  ratio  and  with  a  poling  (corona  charge)  field  of 
8  -l 

2x10  Vm  .  This  may  be  attributed  to  the  fact  that  although  the  process  of 
uniaxial  stretching  results  in  an  orientation  of  the  c-axis  of  the  crystalline 
region  parallel  to  the  stretch  direction,  however,  due  to  the  orthorhombic  symmetry 
of  the  unit  cell,  the  rotation  of  the  unit  cell  axes  can  be  accomplished  in  six 
possible  variations  (i.e.,  60°  increm*  :s)  without  disruption  of  the  polymer 
morphology  (ref.  21).  Hence  the  uniaxial  stretching  produces  only  a  conformational 
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change  from  Form  2  type  of  crystallites  to  Form  1  type  in  which  the  crystallites 
are  oriented  at  random  rotational  angles  about  the  c-axis,  giving  no  nett  dipole 
moment.  The  dipole  moments  can,  however,  be  oriented  at  an  angle  with  respect  to 
the  electric  field  during  the  poling  process.  It  should  also  be  pointed  out  that 
a  significantly  higher  value  of  d^  may  be  obtained  by  corona  charging  an  uniaxially 
stretched  sample  than  by  corona  charging  an  unstretched  sample,  e.g. 
dj^  (180Z  stretch  and  2xlO®Vm  *  corona  field)  "  15x10  ' ^CN  ^ 
d^j  (3xlO®Vm  corona  field)  «  7x10  ^CN  * 

In  view  of  the  changes  in  the  X-ray  diffraction  pattern  of  the  unstretched  sample 
with  corona  charging  (Fig.  4)  and,  in  particular,  the  differences  from  the  diffrac¬ 
tion  pattern  of  the  stretched  samples  (Fig.  7),  it  may  be  suggested  that  the 
induced  piezoelectricity  in  the  unstretched  film  (Form  2  crystallites)  after 

Q 

corona  charging  at  fields  up  to  3x10  V/m  is  due  to  a  new  polar  crystalline  form. 

This  may  be  produced  by  a  cooperative  rotation  of  alternate  polymer  chains  about 
the  c-axis  which  produces  a  stable  polar  form  whilst  maintaining  the  T-G-T-G* 

molecular  conformation  and  the  lattice  parameters  of  the  Form  2  crystallites.  At 
8  —1 

fields  higher  than  3x10  Vm  there  is  a  progressive  conversion  of  the  Form  2 
crystallites  into  the  Form  1  type  of  structure  with  the  zig-zag  molecular 
conformation  (ref.  17,  20).  On  the  other  hand,  on  uniaxial  stretching  of  the 
polymer  there  is  a  direct  conversion  of  the  crystallites  from  the  Form  2  structure 
co  that  of  Form  1  with  randomly  oriented  dipole  moments.  On  subsequent  poling  the 
dipoles  align,  of  course,  at  a  particular  angle  with  the  direction  of  the  poling 
field.  The  dominant  mechanism  of  piezoelectricity  in  this  polymer  remains, 
however,  of  dipolar  origin. 

In  the  discussion  so  far,  it  has  been  assumed  that  the  dipolar  orientations 
only  in  the  crystalline  region  contribute  to  piezoelectricity  in  PVF^.  It  has 
been  suggested  (ref.  22)  that  a  dipolar  alignment  may  be  strongly  influenced  by 
the  segmental  motions  in  the  amorphous  regions  in  a  semicrystalline  polymer  such 
as  PVF^.  Generally,  crystalline  polymers  are  volume  filled  with  spherulites 
consisting  of  branched  crystalline  lamellae  of  folded  chain  crystals  propagating 
from  their  centres  (ref.  23).  The  amorphous  regions  reside  within  these 
spherulites  in  the  interlamellar  areas.  Such  polymers  deform  on  elongation  when 
the  spherulites  change  from  the  spherical  into  ellipsoidal  shapes.  This  results 
in  a  change  in  the  interlamellar  spacing  which  leads  to  orientation  of  the 
amorphous  material  between  the  lamellae.  Now,  the  birefringence  of  a  semi¬ 
crystalline  polymer  provides  useful  information  of  the  preferred  overall 
orientation  of  the  crystallites  in  both  the  crystalline  and  amorphous  regions. 

The  birefringence  change  occurring  in  an  anisotropic  polymer  upon  elongation  may 
be  separated  into  crystalline  and  amorphous  contributions  using  the  following 
equation  (ref.  24), 


(1) 
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where  is  the  volume  fraction  of  crystalline  polymer  and  A  the  total  bire¬ 

fringence  change;  the  subscripts  c,  a  and  f  refer  to  crystalline,  amorphous  and 
the  form  birefringence  respectively.  The  magnitude  of  A^  is  usually  small  enough 
to  be  ignored.  A£  and  A^  may  also  be  expressed  in  terms  of  orientation  functions 
of  the  crystallites  (ref.  24)  which  may  be  determined  either  by  appropriate  X-ray 
measurements  or  by  small  angle  light  scattering  (SALS)  analysis  (ref.  16,  25-27). 
Thus,  by  combining  the  results  of  the  birefringence  and  light  scattering  analysis, 
che  respective  contributions  of  the  crystalline  and  amorphous  phases  to  the  total 
birefringence  can  be  determined.  The  results  of  the  birefringence  measurements 
on  elongation  up  to  a  stretch  ratio  3502,  shorn  in  Pig.  9,  are  in  good  agreement 


Fig.  9.  Birefringence  of  PVF2  with  different  stretch  ratios. 

with  those  of  Shuford  et  al  (ref.  28),  who  attribute  the  observed  increases  in  the 
birefringence  upon  elongation,  primarily  to  the  changes  in  the  degree  of  the 
preferred  orientation  of  the  crystalline  phase.  They  (ref.  28)  further  argue  that, 
as  the  elongation  of  che  film  is  increased,  the  degree  of  orientation  in  the  crystal¬ 
line  region  and  the  corresponding  changes  in  the  observed  birefringence  reach 
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saturation  values.  The  latter  argument  is  supported  by  their  observations  with 
the  sonic  modulus  (ref*  28)  in  stretched  PVF  films.  Hence  the  major  contribution 
in  the  observed  birefringence  can  be  attributed  to  the  orientation  towards  the 
stretch  direction  of  the  crystalline  regions  of  PV?2 


Fig.  10.  Small  Angle  Light  Scattering  Patterns  (SALS)  of  PVF^  with  different 
stretch  ratios,  a,  b,  c,  d,  e  and  f  represent  no  stretch,  10X, 

30Z,  60Z,  95Z  and  140Z  stretch  ratios  respectively. 

Fig.  10  reveals  the  nature  and  mechanism  of  the  orientation  along  the  distortion 
in  which  spherulitic  distortion  may  play  a  major  part.  Fig.  10(a)  shows  a  typical 
Hv  scattering  pattern,  prior  to  stretching  with  approximately  7°  scattering  angle 
at  the  maximum  lobe  intensity.  This  type  of  four-lobe  patterns,  obtained  with 
crossed  polarizers,  have  been  attributed  to  spherulite  anisotropy  (ref.  16).  The 
size  of  the  spherulite  may  be  calculated  from  such  a  four-lobe  scattering  pattern 
of  undefortned  spherulite  using  the  following  expression  (ref.  16): 
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R  6 

4«  -y  Sin  -2  ■  4.1  .  (2) 

where  R  is  Che  spherulice  radius,  X  the  wavelength  of  the  incident  radiation,  9 
the  angle  for  which  the  intensity  of  scattering  is  maximum.  The  magnitudes  of  X 
and  8  both  refer  to  measurements  within  the  same  scattering  medium.  Using 

B 

equation  (1)  the  radius  of  the  Form  2  spherulite  in  50pm  thick  PVF^  film,  employed 
in  the  present  work,  was  found  to  be  'u3wm.  Following  the  quantitative  investigations 
of  spherulitic  deformation  upon  stretching  (ref.  29-32)  Nomura  et  al  (ref.  33,  34) 
propose  that  with  increasing  elongation  there  is  a  predominant  increase  in  the 
preferential  alignment  of  crystal  c-axis  along  the  chain  direction  which  results  in 
a  movement  of  the  original  four  leaf  pattern  to  the  equatorial  (horizontal)  zone 
and  simultaneously  extending  to  meridional  direction  (vertical  zone)  due  to  lamellar 
untwisting.  As  a  consequence  an  eight  leaf  pattern  it  progressively  formed.  Fig. 
lo  (b-f)  show  a  good  qualitative  agreement  of  the  present  SALS  results  with  Nomura 
et  al  (ref.  33,  34).  However,  it  may  be  observed  (Fig.  10)  that  the  scattering 
pattern  changes  into  an  eight-lobe  type  over  a  relatively  small  range  of  draw  ratio 
(0-602) ,  which  may  not  be  satisfactorily  explained  by  the  model  due  to  Nomura  et  al 
(ref.  34).  It  is,  of  course,  established  that  a  structural  transition  occurs  from 
Form  2  to  Form  1  in  PVF^  on  uniaxial  stretching.  However,  present  results  (F.g.  10) 
indicate  that  such  a  conformational  change  may  occur  at  a  discrete  yield  boundary 
within  a  spherulite,  or  by  the  growth  of  new  structure  due  to  localised  melting, 
for  example,  and  a  subsequent  recrystallization,  thus  providing  an  orientation 
towards  the  stretch  direction.  Thus,  it  appears  that  on  uniaxial  stretching  the 
c-axes  of  the  polymer  chains  are  oriented  along  the  stretch  direction  and  the  other 
axes  are  not  truly  uniformly  distributed  in  the  plane  perpendicular  to  the  stretch 
direction.  An  account  of  the  nature  of  the  spherulitic  deformation  due  to  uniaxial 
stretching  with  respect  to  the  present  results  will  be  published  elsewhere  (ref.  35). 
It  may  be  noted  that  no  distinctive  changes  from  the  observed  four-leaf  SALS  pattern 
(Fig.  10a)  was  observed  on  corona  poling  of  unstretched  PVF^  film.  Furtherance, 
there  was  no  noticeable  change  of  the  eight-leaf  SALS  patterns  (Fig.  10)  on  corona 
poling  of  the  stretched  films.  These  observations  further  confirm  that,  in  contrast 

to  the  effect  of  uniaxial  stretching,  corona  poling  alone,  even  at  very  high  fields 

8  -1 

(3x10  Vm  ),  does  not  produce  a  deformation  of  the  spherulites. 

5.  CONCLUSIONS 

PVF^  films,  originally  containing  the  non-polar  Form  2  type  crystallites,  may  be 
made  piezoelectric  by  corona  poling.  The  induced  piezoelectricity  may  be  further 
enhanced  on  uniaxial  stretching,  followed  by  corona  poling.  The  induced  piezo¬ 
electricity  is  of  dipolar  origin.  However,  there  is  a  difference  in  Che  sense  that 

8  -I 

corona  poling  at  fields  }3xl0  Vm  produces  mainly  an  intermediate  polar  form  by  a 
cooperative  rotation  of  the  alternate  polymer  chains  through  180°  about  the  c-axis 
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without  losing  its  molecular  conformation  and  the  unit  cell  dimensions  remaining 
unaltered,  whereas  the  uniaxial  drawing  produces  a  direct  conversion  to  the  polar 
Form  1  type  of  structure  from  the  non-polar  Form  2  crystallites.  Birefringence 
measurements  show  that  the  crystalline  regions  play  the  most  dominant  part  in 
providing  the  orientational  changes  observed  on  uniaxial  stretching. 
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LIST  OF  SYMBOLS 

H  -  the  mode  of  light  scattering  employing  crossed  polarizers,  i.e. 

polarizer  and  analyser  perpendicular  to  one  another. 

Rq  -  the  radius  of  the  spherulite. 

T-C-T-G'  trans-gauche-trans-gauchf  form. 

X  -  the  volume  fraction  of  crystalline  polymer 

c » v 

d.  .  -  the  piezoelectric  strain  coefficient  (tensor);  the  first  and  the 
lJ  second  subscripts  refer  to  the  polarization  and  the  stress  directions 
respectively. 

a  -  the  total  birefringence. 

-  the  amorphous  birefringence. 

-  the  crystalline  birefringence. 

a{  -  the  form  birefringence 

0^  -  the  angle  for  which  the  intensity  of  light  scattering  is  a  maximum. 

\  the  wavelength  of  the  incident  radiation. 
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Film*  (moatly  at  Form  2  cryital  structure),  SO  pm  thick,  of  polyvinylktene  fluoride  (PVFj)  were  uniaxially 
stretched  at  6CC  and  then  annealed  at  120 *C.  Small-anslc  light  scattering  pattens  (SALS)  were  taken 
of  the  samples  in  the  If,  scattering  mode  (La.,  crossed  polarizers).  The  results  show  that  a  four-lobe 
scattering  pattern  due  to  undeformed  spheruhtee  changes  to  an  eight-lobe  pattern  on  uniaxial  stretching  at 
PVF,  films. 


PACS  numbers:  78.6SJd 

Crystalline  polymers  are  volume  filled  with  spherulites 
consisting  of  branched  crystalline  lamellae  of  folded  chain 
crystals  propagating  from  their  centers.1  Such  polymers  de¬ 
form  upon  elongation,  whereupon  the  spherulites  change 
from  spherical  into  ellipsoidal  shape.  Polyvinylidene  flu¬ 
oride  (PVFi)  may  possess  at  least  two  stable  crystalline 
structures,  i.e.,  Form  1  (planar  zigzag  polar  form)1  and  Form 
2  (nonpolar  T-G-T-G'  form).1  Molecular  conformational 
changes  from  Form  2  to  Form  1  may  occur  in  PVF2  upon 
uniasial  stretching.*"’  Small-angle  light-scattering  (SALS) 
analysis  is  now  an  established  method*"11  of  characterizing 
morphological  changes  in  polymeric  materials.  The  presort 
work  reports  preliminary  results  of  changes  observed  in  the 
SALS  patterns  upon  uniaxial  stretching  of  PVFa  films  which 
were  provided  by  Kuieha  Chemical  Industries  Co.  Ltd.  of 
Japan. 

PVFj  films  (mostly  of  Form  2  structure),  50  /tin  thick 
were  uniaxially  stretched  at  60  *C.  The  stretched  films  were 
subsequently  annealed  at  1 20  *C  to  prevent  shrinkage.  A  He- 
Ne  laser  beam  was  used  to  obtain  the  light-scattering  pat¬ 
terns  in  the  Hu  mode.  Spatial  cleaning  of  the  laser  beam  was 
achieved  by  locating  a  pinhole  6/zm  in  diameter  at  the  focal 
plane  of  a  biconvex  lens.  A  collimated  emerging  beam  6  mm 
in  diameter  was  then  obtained  with  a  second  biconvex  lens  of 
suitable  focal  length.  The  experimental  arrangement  was 
similar  to  that  of  Stein  and  Rhodes'  and  is  shown  schemati¬ 
cally  in  Fig.  1.  The  type  of  photographic  films  and  the  expo¬ 
sure  time  used  were  Ilford-HP4  and  8  sec,  respectively. 

Figure  2(a)  shows  a  typical  H„  scattering  pattern  of 
PVFj  film  (prior  to  stretching)  with  an  approximately  7* 
scattering  angle  at  maximum  lobe  intensity,  such  four-lobe 
patterns  obtained  with  crossed  polarizers  (Nv  mode)  having 


FIO.  I.  The  experimental  arrangement  to  obtain  light  Kattcrin|  pattern*  in 
tbe  H,  mode  (crossed  potanzen). 


been  attributed  to  spherulite  anisotropy.'  It  can  be  shown* 
that  the  spherulite  size  can  be  calculated  from  such  a  four- 
lobe  scattering  pattern  of  undeformed  spherulites  using 

)  *in(J0m)=4.1,  (1) 

where  R0  is  the  spherulite  radius,  A  is  the  wavelength  of  the 
incident  light,  and  0m  is  the  angle  for  which  the  intensity  of 
scattering  is  maximum.  The  magnitudes  of  A  and  6m  refer  to 
values  measured  within  the  same  scattering  medium.  From 
Eq.  (1)  the  radius  of  the  Form  2  spherulites  in  PVF,  was 
found  to  be  approximately  3  ftm. 

It  may  be  observed  from  Fig.  2  that  as  the  draw  ratio  is 
increased  the  four-lobe  scattering  pattern  changes  into  an 
eight-lobe  scattering  pattern,  the  uniaxial  stretch  being 
along  the  meridional  direc-.on.  In  order  to  account  for  the 
orientation  of  crystals  in  spherulites  due  to  deformation 
upon  stretching,  it  has  been  suggested  that  three  separate 
processes  of  reorientation  may  accompany  affine  deform  a- 


FIO.  2.  SALS  patterni  of  PVF,  films  with  uniaxial  stretch,  t  to  f  correspond 
to  no  stretch,  10, 30, 60, 95,  and  140%  stretch,  respectively. 


J.  Appt.  Pttys.  4t(l  1),  November  197S 


0021-0979/78/4811-5665101.10 


Q 1976  American  inaWute  ot  Physios  5685 


Stretch 

direction 


FIG.  3.  Processes  of  spherulitc  deformations  on  uniaxial  stretching  (due  to 
Nomura  el  a/."). 

tion."'"  These  are  as  follows:  (i)  tilting  of  the  folded  molecu¬ 
lar  chains  with  respect  to  the  plane  of  the  lamellae,  (ii)  twist¬ 
ing  of  the  lamellae  about  the  spherulite  radius,  and  (iii) 
rotation  of  the  b  axis  about  the  c  axis  of  the  crystal.  It  has, 
however,  been  pointed  out1’  that  the  above  model  fails  to 
provide  a  good  agreement  with  experimental  results  in  terms 
of  the  orientation  distribution  function  of  the  reciprocal  lat¬ 
tice  vector  of  the  (1 10)  plane.  Nomura  et  al."""  provide  an 
alternative  theoretical  model  of  spherulite  deformation  due 
to  uniaxial  stretching,  which  takes  into  account  rotation  of 
crystallites  within  the  lamellae  as  well  as  lamellar  untwist¬ 
ing.  In  this  model"  they  consider  the  existence  of  two  types 
of  crystal  orientations  within  the  lamellae  of  the  undeformed 
spherulite,  viz.,  type  R  in  which  the  crystallites  (and  hence 
the  principal  optical  axes)  are  randomly  oriented  and  type  B 
in  which  the  optical  axes  preferentially  lie  at  right  angles  to 
the  spherulite  radius  (i.e.,  b- axis  radial  orientation).  The 
contribution  to  the  light-scattering  intensity  in  the  Hu  mode 
due  to  type  R  crystal  orientation  may  be  neglected.  They" 
further  suggest  (see  Fig.  3)  that  the  type  B  crystals  may  be 
subjected  to  two  types  of  c-axis  orientation,  i.e.,  (i)  due  to 
crystal  rotation  around  the  a  axis  associated  with  chain  tilt¬ 
ing  (type  C„)  and  (ii)  due  to  unfolding  of  polymer  chains 
(type  C,).  The  model  predicts  an  alignment  of  the  c  axis  in 
the  stretch  direction.  The  types  C„  and  Cr  crystals  may  be 
formed  when  the  stretch  direction  is  approximately  parallel 
to  the  lamellar  axis  and  lamellar  untwisting  will  occur  when 
the  stretch  direction  is  approximately  perpendicular  to  the 
lamellar  axis  (see  Fig.  3)  which  is  also  in  agreement  with 
Yoon  el  al.' ‘  The  results  of  x-ray  diffraction  with  uniaxially 
stretched  low-density  polyethylene  were  observed  to  be 
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compatible  with  this  model."  The  computed  SALS  pat¬ 
terns"  (theoretical)  in  the  Hv  mode  show  that  a  four-lobe 
pattern,  which  must  arise  due  to  contribution  from  the  type 
B  crystal  orientation  only,  for  undeformed  spheru’ities  may 
give  rise  to  an  eight-lobe  pattern  on  uniaxial  stretching  when 
reorientations  of  the  crystals,  i.e.,  types  Ca  and  C„  are  con¬ 
sidered.  With  increasing  stretch  ratio  the  lamellar  untwist¬ 
ing  may  begin  to  occur  and  this  would  extend  the  original 
four-leaf-clover  pattern  in  the  meridional  zone.  This  would 
also  be  in  agreement  with  Van  Aartsen  and  Stein.*  Further¬ 
more,  the  azimuthal  angle  (Fig.  3)  may  begin  to  increase 
from  the  45*  position  and  move  progressively  towards  the 
equatorial  zone  with  increasing  stretch  ratio.  Subsequent  to 
these  two  initial  mechanisms  of  spherulite  deformation,  two 
other  additional  contributions  may  arise  due  to  the  forma¬ 
tion  of  types  Ca  and  C,  crystals  (only  at  high  values  of  stretch 
ratio)  giving  rise  to  eight  or  more  lobes  in  the  SALS  pattern. 
Such  an  eight-lobe  pattern  has  also  been  observed"  on  uniax¬ 
ial  stretching  of  low-density  polyethylene  of  imperfect 
spherulite  structure.  The  SALS  patterns  (Fig.  2)  observed  in 
the  present  work  are  in  apparent  agreement  with  Nomura  et 
a/."  in  as  much  that,  on  uniaxial  stretching  of  PVF,  film,  an 
eight-lobe  pattern  is  formed.  Four  of  the  lobes  move  progres¬ 
sively  towards  the  equatorial  zone  (i.e.,  at  right  angles  to  the 
stretch  direction),  the  remaining  four  lobes  moving  initially 
towards  the  stretch  direction  and  then  increasing  their  azi¬ 
muthal  angle  back  to  45°  at  an  approximately  90%  stretch 
ratio.  However,  it  may  be  observed  (Fig.  2)  that  the  scatter¬ 
ing  pattern  changes  into  an  eight-lobe  type  over  a  relatively 
small  range  of  draw  ratio  (0-60%).  This  may  not  be  satisfac¬ 
torily  explained  by  the  model  by  Nomura  el  al ."  which  pro¬ 
poses  a  continuous  change  of  orientation  within  a  deforming 
spherulite  upon  elongation.  Furthermore,  the  intensity  of 
the  scattering  pattern  at  low  draw  ratio  values  was  observed 
to  be  highest  in  the  lobes  which  move  to  a  position  at  right 
angles  to  the  stretch  direction.  This  is  in  disagreement  with 
Nomura  et  al."  A  possible  explanation  for  this  observed  be¬ 
havior  of  the  scattering  pattern  at  low  elongation  may  be  as 
follows.  It  is  established  that  a  structural  transition  from 
Form  2  to  Form  1  in  PVF,  may  occur  on  uniaxial  stretch¬ 
ing.*'’  Such  a  conformational  change  may  occur  either  at  a 
discrete  yield  boundary  within  a  spherulite  or  by  the  growth 
of  new  structures  due  to  a  localized  melting,  for  example, 
and  a  subsequent  recrystallization,  thus  providing  an  orien¬ 
tation  towards  the  stretch  direction.  The  SALS  pattern  may 
then  be  expected  to  consist  of  an  eight-lobe-type  profile 
superimposed  with  the  scattering  pattern  of  the  recrystal¬ 
lized  material  which  would  be  in  evidence  towards  a  position 
at  right  angles  to  the  stretch  direction  for  low  elongation. 

Further  work  is  in  progress  to  obtain  (i)  the  intensity 
distribution  in  the  SALS  patterns,  (ii)  birefringence,  and  (iii) 
x-ray  pole  figures  to  determine  the  orientation  distribution 
function. 

This  work  is  partially  supported  by  a  research  grant 
from  the  US.  Army.  One  of  the  authors  (DBS)  is  also  grate¬ 
ful  to  the  Science  Research  Council  of  Great  Britain  for  a 
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Abstract,  pvfs  films  of  Form  2  structure  were  uniaxially  stretched  at  60  °C  up  to  a  stretch 
ratio  of  7 : 1  and  subsequently  corona  poled  at  room  temperature  up  to  a  surface  potential 
of  7  kV.  Structural  studies  of  both  the  stretched  and  the  stretched  and  poled  films  were 
made  by  x-ray  reflection-diffraction  and  Laud  transmission  techniques.  The  induced 
piezoelectric  coefficient  da i  was  also  measured  as  a  function  of  surface  (poling)  potentials 
of  films  with  stretch  ratios  in  the  range  1:1  to  7: 1.  The  results  show  that  the  induced 
piezoelectricity  in  pvfi  may  arise  from  two  different  types  of  conformational  changes  in 
the  unit  cell  structure  and  is  of  dipolar  origin. 


1.  Introduction 

Piezoelectricity  in  polyvinylidene  fluoride  (pvf2),  which  is  a  semicrystalline  polymer,  is 
significantly  enhanced  (Kawai  1969)  on  uniaxial  stretching  and  subsequent  poling  at  an 
elevated  temperature  with  a  high  external  electric  field  for  an  extended  period  of  time 
(viz  conventional  poling).  Fukada  and  Sakurai  (1971)  and  Nakamura  and  Wada  (1971) 
have  studied  the  temperature  dependence  of  the  complex  piezoelectric  strain  constant 
of  uniaxially  stretched  and  conventionally  poled  pvf2  films.  Oshiki  and  Fukada  (1976) 
have  also  studied  the  temperature  dependence  of  the  complex  piezoelectric  stress  constant 
and  the  electrostrictive  constant  of  stretched  and  poled  (conventional  poling)  pvf2.  They 
(Oshiki  and  Fukada  1976)  suggest  that  the  polarisation,  due  to  external  poling,  may  arise 
from  the  aligned  dipoles  within  the  crystalline  region  of  pvf2,  which  is  in  disagreement 
with  Murayama  et  al  (1975).  Wada  and  Hayakawa  (1976)  review  the  theoretical  and 
experimental  observations  on  piezo-  and  pyroelectric  properties  and  the  nature  of  their 
origin  in  pvf2.  Broadhurst  el  al  (1978)  have  developed  a  bulk  dipolar  model  with  com¬ 
pensating  surface  space  charges  and  suggest  that  the  piezo-  and  pyroelectricity  in  pvf2 
arise  from  bulk  dimensional  changes  due  to  changes  in  stress  and  temperature,  respectively. 

It  has  been  shown  from  x-ray  diffraction  studies  (Shuford  et  al  1976,  Das-Gupta  et  al 
1979,  Grandidge  1979)  that,  with  uniaxial  stretching,  the  crystallites  in  pvf2  films  may 
assume  a  preferred  orientation.  It  has  also  been  shown  from  the  x-ray  diffraction  studies 
of  suitably  poled  (both  conventional  and  corona  poling)  films  of  pvf2  (Kepler  et  al  1975, 
Shuford  et  al  1976,  Das-Gupta  and  Doughty  1977, 1978a, b,c,  Kepler  and  Anderson  1978, 
Davis  et  al  1978,  Doughty  1979)  that  the  poling  may  induce  a  structural  change  involving 
a  rotation  of  polar  unit  cells  of  pvf2  which  aligns  the  dipole  moments  towards  the  direction 
of  the  poling  field.  The  results  of  Raman  (Latour  1976/77)  and  infrared  (Southgate  1976, 
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Shuford  et  al  1976)  spectroscopic  studies  of  poled  pvt^  films  are  also  in  agreement  with 
the  above  observations. 

Present  work  reports  the  results  of  a  systematic  study  of  the  structural  changes  and 
the  corresponding  enhanced  piezoelectricity  after  corona  charging  of  unidirectionally 
stretched  PVF2  films.  The  samples  of  25  pm  thick  PVF2  (Kureha),  unidirectionally  stretched 
at  60  °C  (from  1:1  to  7 : 1  stretch  ratio),  were  provided  by  The  Post  Office  Research  Centre 
at  Martlesham  Heath,  Ipswich. 


2.  Experimental  details 

The  method  of  corona  charging,  the  step-scanning  technique  of  obtaining  x-ray  diffraction 
profiles  for  a  2d  (Bragg  angle)  range  of  17-22°  in  steps  of  0-1  using  CuKa  radiations, 
and  the  method  of  measuring  the  piezoelectric  strain  coefficient  </ji,  were  exactly  the  same 
as  described  elsewhere  (Das-Gupta  and  Doughty  1978a, c).  Additional  x-ray  diffraction 
data  were  obtained  in  the  28  range  10-30°  using  an  automatic  recording  technique 
(Doughty  1979).  Corona  charging  of  each  sample  was  carried  out  at  a  constant  tempera¬ 
ture  of  18  °C  for  30  min.  The  surface  potential  of  the  polymer,  which  was  monitored 
continuously  with  a  Field  Mill  type  electrostatic  voltmeter,  was  observed  to  reach  the 
desired  values  ( >  8  kV)  within  10  s  after  the  application  of  the  high-voltage  supply  to  the 
corona  point.  Most  of  the  observations  were  made  with  positively  (corona)  charged 
polymer  surface;  however,  a  limited  amount  of  work  was  also  carried  out  with  negatively 
(corona)  charged  specimens.  The  x-ray  diffraction  profiles  were  obtained  for  each 
sample  before  and  after  corona  charging.  The  absolute  accuracy  of  the  diffractometer 
(i.e.  error  in  28  values),  which  was  checked  periodically  using  a  standard  silicon 
sample,  was  less  than  0  01  However,  the  overall  error,  including  that  introduced  in 
mounting  the  sample  in  the  sample  holder  of  the  goniometer,  was  >01°. 

In  addition  to  the  x-ray  diffraction  profiles,  Laue  transmission  (x-ray)  patterns  were 
also  obtained  in  this  work.  It  is  necessary  to  do  so  as  any  information  on  orientation 
effects  in  the  (001)  planes,  which  are  parallel  to  the  direction  of  the  incident  planes,  will 
be  missing  in  the  reflection  (diffraction)  mode.  Laue  patterns  also  offer  an  additional 
advantage  in  providing  structural  information  on  several  planes  simultaneously.  A 
standard  experimental  arrangement  was  employed  to  obtain  the  Lau6  patterns  in  which 
a  photographic  film  (Ilford  x-ray  film,  type  G)  was  placed  at  a  distance  D  (8  cm)  behind 
the  sample  and  perpendicular  to  the  incident  beam.  For  a  film  thickness  of  25  pm  an 
exposure  time  of  15  h  was  required  to  record  the  Laue  patterns.  The  undiffracted  central 
beam  was  removed,  of  course,  with  a  lead  stop.  The  crystallographic  planes  in  the  Laue 
patterns  were  identified  by  using  the  following  expression: 

,  A  /tan-i  (r/i))\  ... 

dhki-  ^  cosec  I  2  I  (!) 

where  dhki  is  the  interplanar  spacing,  A  is  the  wavelength  of  the  incident  radiations 
(1-54  A)  and  r  is  the  radius  of  the  observed  diffraction  ring  (for  a  semi-crystalline  material) 
in  the  Laue  pattern. 

The  piezoelectric  strain  coefficient  (hi  was  subsequently  evaluated  by  measuring  the 
open-circuit  voltage  (with  a  storage  oscilloscope)  developed  across  a  standard  mica 
capacitor,  connected  in  parallel  with  the  sample,  on  releasing  a  fixed  weight  (Das-Gupta 
and  Doughty  I978a,c). 
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3.  Results 

Figure  I  shows  a  typical  set  of  x-ray  diffraction  profiles  of  uniaxially  stretched  PVF2  films 
with  different  stretch  ratios.  It  may  be  observed  that  the  diffraction  peak  intensity  of  the 
(020)  plane  of  the  Form  2  type,  occurring  at  a  26  value  of  18-4  °  (Doll  and  Lando  1970), 
increases  with  increasing  stretch  ratio. 

The  (110)  diffraction  peak  of  the  Form  2  structure,  which  occurs  at  a  26  value  of 
20-15°  (Doll  and  Lando  1970),  also  increases  in  intensity  up  to  3:1  stretch  ratio,  above 
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Figure  1.  X-ray  diffraction  profiles  of  umaiialU  stretched  rvfi  films  with  different 
stretch  ratios.  •  ,  7: 1  stretch  ratio;  .61  stretch  ratio.  '.VI  stretch  ratio;  A,  .1: 1 
stretch  ratio;  ■.  2: 1  stretch  ratio.  >.11  stretch  ratio 


which  it  begins  to  disappear.  The  composite  peak  [( 1 10)  +  (200))  of  the  polar  Form  1 
structure,  occurring  at  a  26  value  of  20  8  (Lando  et  al  1966.  Hasegawa  et  a I  1972),  is 
only  just  noticeable  in  the  diffraction  pattern  of  the  sample  with  a  stretch  ratio  of  3: 1. 
With  further  increase  of  the  uniaxial  stretch  ratio  this  composite  peak  becomes  progres¬ 
sively  more  dominant  (figure  1 ). 

Figure  2  shows  the  effect  of  structural  changes  due  to  corona  charging  of  the  uniaxially 
stretched  polymer  (2:1  to  7: 1  stretch  ratio)  at  a  surface  potential  of  6  kV.  It  may  be 
observed  that  on  corona  charging  of  samples  with  increasing  stretch  ratio  the  Form  2 
(020)  peak  gradually  disappears.  The  Form  2  (110)  peak  also  disappears  on  corona 
charging  of  samples  with  higher  stretch  ratios,  although  an  enhancement  of  this  peak 
occurs  initially  at  lower  stretch  ratios.  The  composite  peak  [(1 10)  -F (200)),  occurring  at 
26  value  of  20-8  ,  of  the  Form  1  structure  appears  on  corona  charging  of  samples  with  a 
stretch  ratio  of  2:1.  For  samples  with  increasing  stretch  ratios  the  magnitude  of  this 
composite  peak  becomes  considerably  enhanced  on  corona  charging. 

Laue  transmission  patterns  of  samples  stretched  at  2: 1  and  7:1  are  presented  in  figures 
3  (plate)  and  4  (plate)  respectively.  Figures  5  (plate)  and  6  (plate)  show  the  transmission 
(Lau6)  patterns  of  the  same  samples  on  subsequent  corona  charging  at  6  kV.  An  identi¬ 
fication  of  the  diffracting  planes  was  made  by  direct  measurement  of  the  radii  of  the  rings 
on  the  negatives.  Due  to  the  large  differences  in  the  intensities  of  the  different  rings  some 
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Figure  2.  X-ray  diffraction  profiles  of  uniaxially  stretched  pvf*  films  (2: 1  to  7: 1  stretch 
ratio)  after  corona  charging  to  a  surface  potential  of  6  kV.  Symbols:  same  as  for  figure  1. 


of  the  photographs  were  split  into  two  parts,  each  half  receiving  a  different  exposure  time 
to  obtain  a  good  resolution  for  all  the  rings.  Tables  1  and  2  give  the  radii  of  the  Lau6 
transmission  rings  for  the  corresponding  structural  diffraction  planes  for  the  2: 1  and  7:1 
stretch  ratios,  respectively.  For  the  sake  of  comparison,  the  corresponding  d  values  due 
to  Hasegawa  et  al  (1972)  have  also  been  given  in  these  tables  from  which  it  may  be 
observed  that  there  is  good  agreement  with  the  present  work. 

Figure  3  shows  typically  a  set  of  diffraction  rings  of  a  polycrystalline  material  with 
spherulitic  morphology.  As  the  stretch  ratio  is  increased  a  preferential  orientation  of  the 


Table  1.  Analysis  of  Lau6  transmission  photographs  (D— 8  cm).  2:1  stretch  ratio. 


Ring 

radius  (cm) 

d  value 

(A) 

Diffracting 

plane 

Crystal 

form 

d  value  (A) 

(due  to  Hasegawa  et  at) 

2-7 

4-75 

(020) 

2 

4-82 

2-92 

4-38 

(110) 

2 

4-41 

3  05 

4-25 

(110)+ (200) 

1 

4  26-4  -29 

4  0 

3  35 

(012) 

2 

3  31 

5-2 

2  71 

(130) 

2 

2-70 

5-8 

2- SO 

(200) 

2 

2-48 

6  45 

231 

(002) 

2 

2-26 

6-95 

2-20 

(220) 

2 

2-21 

Table  2.  Analysis  of  Laui  transmission  photographs  (£>=8  cm).  7:1  stretch  ratio. 


Ring 

radius  (cm) 

d  value 

(A) 

Diffracting 

plane 

Crystal 

form 

d  value  (A) 

(due  to  Hasegawa  et  at) 

2-6-2-8 

4  59-4-92 

Amorphous  halo 

— 

— 

3-0-32 

4-05-4-33 

(1 10)4-  (200) 

1 

4-26-4-29 

4  05 

3  32 

(021) 

2 

3-31 

7  1 

2-17 

(111)+  (201 ) 

1 

2-19-2-20 
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crystallites  occurs  along  the  stretch  direction  which  causes  the  diffraction  rings  to  break 
up  into  short  arcs  progressively.  This  is  evidenced  in  figure  4  in  which  the  disappearance 
of  some  of  the  Form  2  diffraction  rings  (i.e.  (220),  (002),  (200),  (130))  may  also  be  noticed. 

Figure  10  illustrates  the  variation  of  the  piezoelectric  coefficient  dai  with  stretch  ratios 
for  samples  which  were  corona  charged  at  7  kV.  The  behaviour  of  dn  of  the  7: 1  stretched 
samples  with  corona  charging  potential  is  shown  in  figure  11. 

Finally,  figure  12  shows  a  comparison  of  the  measured  dji  values  for  positive  and 
negative  polarities  of  the  corona  potential  at  7  kV  with  samples  stretched  in  the  range 
from  2:1  to  7:1. 


4.  Discussion 

The  diffraction  profit  (figure  1)  of  the  sample  with  1 : 1  stretch  ratio  indicates  that  only 
the  non-polar  Form  2  type  of  crystal  structure  is  present  in  this  sample.  Furthermore,  the 
Lau£  transmission  pattern  showed  an  absence  of  any  preferential  orientation  of  the 
crystallites  in  the  1 : 1  stretched  sample.  Thus,  such  an  isotropic  material  with  a  non-polar 
crystal  structure  should  not  exhibit  any  pyro-  and  piezoelectricity.  Now  the  centre  of  the 
amorphous  halo  for  PVF2  is  centred  at  a  26  value  of  184°,  which  unfortunately  coincides 
with  that  of  the  Form  2  (020)  diffraction  peak  position  (Doll  and  Lando  1970).  However, 
by  employing  a  method  due  to  Gal’perin  et  al  (1970)  it  may  be  shown  from  figure  1  that 
the  contribution  from  the  amorphous  phase  of  the  polymer  to  the  enhancement  of  the 
(020)  diffraction  peak  intensity  remains  significantly  unaffected  even  for  a  stretch  ratio 
of  7:1.  This  is  not  in  disagreement  with  Davis  and  Rushworth  (1976)  who  found  the 
amorphous  phase  in  drawn  PVF2  to  be  isotropic.  The  increase  in  the  intensity  of  the  Form 
2  (020)  peak  with  increasing  stretch  ratio  (figure  1)  may  then  be  explained  by  a  preferential 
orientation  of  the  b  axis  of  the  crystallite  in  the  thickness  direction  of  the  film.  By 
convention,  the  c  axis  is  commonly  taken  as  the  direction  parallel  to  the  polymer  chain. 

The  observed  increase  in  the  intensity  of  the  Form  2  (110)  diffraction  peak  with 
increasing  stretch  ratio  up  to  3: 1  (figure  1)  is  due  to  the  preferential  orientation  of  the 
c  axis  along  the  stretch  direction.  For  higher  stretch  ratios,  the  reduction  and  disappear¬ 
ance  of  this  diffraction  peak  (figure  1)  may  be  explained  by  a  conversion  of  the  Form  2 
(figure  7)  crystallites  into  the  Form  1  (figure  9)  structure.  This  is  evidenced  by  the  pro¬ 
gressive  dominance  of  the  Form  1  composite  peak  [(1 10) -t- (200)]  at  a  26  value  of  20-8° 
with  increasing  stretch  ratio  (figure  1).  The  Lau6  patterns  (figure  4)  of  the  stretched  (7:1) 
polymer  further  support  the  above  observations,  which  are  also  in  agreement  with 
Shuford  et  al  (1976).  Cessac  and  Curo  (1974)  and  Latour  (1976/77)  also  confirm  from 
studies  with  polarised  Raman  spectroscopy  that  a  structural  change  from  Form  2  (figure 
7)  to  Form  1  (figure  9)  crystallite  may  occur  in  pvf2  on  uniaxial  stretching  at  low  tem¬ 
perature.  Matsushige  et  al  (1978)  provide  evidence  (from  x-ray  studies)  of  a  crystal 
transformation  from  the  Form  2  structure  into  Form  I  type  of  pvf2  at  an  annealing 
pressure  of  4000  kg  cm'2  at  a  temperature  below  the  melting  point  (i.e.  286  °C),  at  this 
pressure,  of  the  Form  2  crystallites.  Although  the  temperature  employed  in  their  investi¬ 
gation  was  significantly  higher  than  ambient,  it  may  be  pertinent  to  compare  the  electro¬ 
static  pressure  generated  in  the  corona  charging  process  with  the  mechanical  pressure 
required  to  convert  the  Form  2  crystallites  into  Form  1  types.  Using  the  expression: 

P=i  €0(t E*  (2) 

where  P  is  the  pressure,  e0  is  the  permittivity  of  free  space,  er  is  the  relative  permittivity 
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of  the  dielectric,  and  E  is  the  applied  field,  it  would  appear  that  the  electrostatic  pressure 
( <  100  kg  cm"2)  is  over  an  order  of  magnitude  less  than  the  pressure  to  bring  about  such 
a  conversion  by  quite  the  same  mechanism  as  observed  by  Matsushige  et  al  (1978).  The 
existence  of  the  Form  2  (020)  diffraction  peak  (figure  1)  together  with  the  Form  2  (021) 
diffraction  ring  (figure  3)  and  arc  (figure  4)  would  indicate  that  a  complete  conversion  of 
all  the  Form  2  crystallites  into  the  Form  1  type  pvfz  does  not  occur  even  at  the  highest 
ratio  (7 : 1)  employed  in  this  work.  This  is  in  agreement  with  the  results  of  small-angle 
light  scattering  (sals)  patterns  from  uniaxially  stretched  pvFa  films  (Das-Gupta  and  Shier 
1978,  Das-Gupta  et  al  1979).  Spherulitic  polymers  deform  upon  elongation  whereupon 
the  spherulites  change  from  spherical  into  ellipsoidal  shapes.  Nomura  et  al  (1974)  offer 
a  model  for  the  alignment  of  the  c  axis  (carbon-carbon  axis)  in  the  stretch  direction  due  to 
(i)  crystal  rotation  around  the  a  axis  associated  with  chain  filtering,  and  (ii)  unfolding  of 
polymer  chains.  As  a  consequence  the  fluorine  atoms  of  pvi  ^  in  the  Form  2  structure 
(figure  1)  may  be  able  to  overcome  the  steric  hindrance  and  flip  over  to  produce  a 
structure  resembling  that  of  Form  1  (figure  9).  Das-Gupta  and  Shier  (1978)  suggest  from 
the  observations  of  the  sals  patterns  that  such  a  conformational  change  may  occur  either 
at  a  discrete  yield  boundary  within  a  spherulite  or  by  the  growth  of  new  structures  due 
to  a  localised  melting,  for  example,  and  a  subsequent  recrystallisation,  thus  providing  an 
orientation  towards  the  stretch  direction.  This  model  allows  for  the  entire  collection  of 
the  crystallites  within  a  lamella  to  be  oriented  upon  stretching  with  little  disturbance  to 
individual  crystallites,  so  that  the  preferential  orientation  and  the  conversion  from  the 
Form  2  to  Form  1  type  of  structure  in  PVF2  may  be  unrelated. 

On  corona  charging  stretched  pvf>  (figure  2)  the  Form  2  (020)  peak  is  reduced  in 
intensity  and  for  most  samples  may  not  be  observed  above  the  background.  It  is  unlikely 
that  this  may  be  due  to  a  complete  conversion  of  the  Form  2  crystallites  to  the  Form  1 
type  crystallites  because  other  Form  2  planes,  such  as  (021),  still  give  rise  to  significant 
diffraction  arcs  in  the  Laue  patterns  (figures  4  and  6). 

It  is  proposed  that  the  reduction  in  the  Form  2  (020)  peaks  after  corona  charging 
may  be  the  result  of  a  structural  change  from  the  non-polar  type  of  Form  2  unit  cell 
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Figure  7.  The  unit  cell  of  the  iion-polai  Form  2  pvra. 
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(figure  7)  to  a  polar  variety  of  this  cell  without  a  change  of  lattice  dimensions  (Davis  et  al 
1978).  Such  a  polar  variety  may  be  produced  if  alternate  chains  in  the  Form  2  lattice  were 
rotated  through  180°  to  produce  an  arrangement  where  all  the  chains  were  parallel 
(Das-Gupta  et  al  1 979). 

The  net  dipole  moment  of  1-21  D  per  monomer  unit  (MG  Broadhurst  1978,  private 
communication)  perpendicular  to  the  Form  2  chain  of  pvf2  is  parallel  to  the  a  axis 
(figure  7),  and  the  effect  of  a  high  electric  field  stress  would  be  to  tend  to  align  these 
dipoles  parallel  to  the  field.  Those  chains  with  their  a  axis  originally  parallel  to  the 
surface  planes  will  be  energetically  in  the  most  favourable  positions  in  an  applied  corona 
field  and  these  chains  may  be  rotated  through  90°  to  produce  a  stable  arrangement.  Such 
a  process  would  require  half  the  chains  to  rotate  in  a  clockwise  direction  and  the  other 
half  to  rotate  anticlockwise  so  that  alternate  chains  would  appear  to  have  rotated  through 
180°  with  respect  to  each  other. 

The  result  is  the  polar  variety  of  the  Form  2  (figure  8)  as  proposed  by  Davis  et  al 
(1978)  and  with  the  unit  cell  axes  rotated  through  90°  as  compared  to  the  original  non- 


Figure  8.  The  unit  cell  of  the  polar  Form  2  PVF2  produced  by  a  rotation  of  crystal  axes 
through  90°,  alternate  molnular  chains  rotating  in  opposite  directions. 


polar  cell  (figure  7).  This  process  leads  to  a  preferred  orientation  of  the  a  axis  parallel  to 
the  applied  field,  i.c.  perpendicular  to  the  surface  planes.  Therefore,  after  poling,  there 
will  also  be  a  preferred  orientation  of  the  />  axis,  but  in  this  case,  parallel  to  the  film 
surface.  As  a  consequence,  there  will  be  a  reduction  in  the  number  of  (OA'O)  planes  which 
can  be  observed  by  the  reflection-- diffraction  technique  and  this  may  then  explain  the 
reduction  in  the  intensities  of  the  Form  2  (020)  diffraction  peaks  after  corona  charging 
(figure  2). 

Thus,  the  changes  in  x-ray  diffraction  patterns  observed  on  corona  charging  (figures  2, 
4  and  6)  may  be  adequately  attributed  to  a  change  of  symmetry  of  the  Form  2  crystallites 
from  C21,  to  C>v,  together  with  a  rotation  of  axes.  Also,  the  dipoles,  after  corona  charging, 
will  lie  preferentially  along  the  direction  of  poling  and  will  produce  a  polarisation  which 
may  give  rise  to  piezoelectric  behaviour. 

It  may,  however,  be  noticed  from  figure  10  that  the  highest  value  of  the  piezoelectric 
coefficient  (/31  occurs  on  corona  poling  of  samples  with  the  highest  stretch  ratio  of  7:1. 
It  may  be  accepted  from  the  observations  of  I  he  x-ray  data  (figures  1  and  4)  that,  at  this 
stretch  ratio,  the  Form  2  type  crystallite  contents  will  also  be  the  least.  It  should  be  stated 
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that  the  magnitude  of  J31  in  mostly  Form  1  (figure  9)  type  of  crystallites  (at  7: 1  stretch 
ratio)  was  observed  to  be  negligible  before  corona  poling.  Thus,  although  the  uniaxial 
stretching  produces  an  alignment  of  molecular  chains  along  the  stretch  direction,  the 
observed  piezoelectricity  necessitates  that  a  change  in  the  molecular  axes  of  the  Form  1 
crystallites  (figure  9)  should  occur  to  produce  a  net  dipole  moment.  The  increases 
observed  in  the  Form  1  composite  peak  [(1 10) +(200)]  after  corona  charging  (figure  2) 
suggest  that  such  a  rotation  indeed  occurs  which  is  in  agreement  with  Latour  (1977).  It 
is  established  that  the  orthorhombic  symmetry  of  the  Form  1  type  (figure  9)  unit  cell 
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Figure  9.  The  unit  cell  of  the  Form  1  pvf«. 

results  from  a  small  (1  %)  distortion  of  a  hexagonal  unit  lattice  (Miller  and  Raisoni  1976). 
Kepler  and  Anderson  (1978)  use  this  fact  to  suggest  that  a  rotation  of  the  Form  1  unit 
cell  axes  may  thus  be  accomplished  in  60°  increments  without  disruption  of  the  polymer 
morphology.  The  decrease  in  the  width  at  half-height  of  the  (110)+(200)  Form  1  com¬ 
posite  peak  (figure  2)  after  corona  charging  may  be  due  to  (i)  an  increase  in  average 
crystallite  size,  and  (ii)  a  reduction  in  the  level  of  lattice  distortions.  It  was  observed  that 
the  crystallinity  (55%)  of  the  1:1  stretched  sample  was  independent  of  corona  poling. 
However,  Latour  (1976/77)  and  Davis  et  al  (1978)  have  observed  a  small  change  in  crystal¬ 
linity,  induced  by  the  poling  field  in  a  copolymer  and  the  homopolymer  of  PVF2,  respec¬ 
tively.  It  may  be  noted  that  the  recent  work  on  the  fine  structure  of  stretched  and  poled 
PVF2  films  by  Takahashi  and  Odajima  (1979)  show  that  stretching  may  introduce  orienta¬ 
tion  dislocations  in  which  a  part  of  the  long  molecule  tends  to  get  oriented  about  its  chain 
axis,  accompanied  by  a  c/2  translation  due  to  chain  twisting.  Their  preliminary  calcula¬ 
tions  also  show  that  the  chain  molecule  can  rotate  to  a  metastable  position  in  the  range 
130-180°  oriented  from  the  regular  direction,  accompanied  by  a  slight  lateral  shift  of  the 
chain  axis.  It  is  feasible  that  a  high  field  poling  process  may  remove  these  defects  by 
rotating  the  ‘odd’  molecules  into  a  parallel  arrangement.  The  removal  of  such  defects 
from  the  Form  1  lattice  would  introduce  a  polarisation  if  it  is  assumed  that  the  removal  of 
defects  applies  only  in  the  direction  of  the  poling  field.  It  may  be  difficult  to  calculate  the 
contribution  to  the  polarisation  without  a  prior  knowledge  of  the  defect  density  and  the 
distribution  of  orientations  of  the  crystallite  axes.  Further  work  in  this  direction  will  be 
of  considerable  interest. 

Figure  10  shows  that  dz\  tends  to  reach  a  saturation  level  at  higher  sttetch  ratios  when 
most  of  the  crystal  regions  have  been  preferentially  aligned  as  observed  by  Shuford  et  a l 
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Stretch  ratio 

Figure  10.  Variation  of  dti  with  stretch  ratio  for  samples  corona  charged  at  7  kV. 


(1976).  Further  stretching  may  only  assist  to  align  the  amorphous  regions  which  may  not 
contribute  significantly  to  the  observed  piezoelectricity  in  PVFg  and  this  is  in  disagreement 
with  Tamura  et  al  (1977). 

The  behaviour  of  d$ i  with  increasing  charging  potential  at  a  constant  stretch  ratio  of 
7 : 1  (figure  11 )  shows  that,  unlike  the  case  in  figure  1 0,  it  does  not  reach  its  near-saturation 
value  at  room  temperature  even  at  a  surface  potential  of  7  kV.  This  may  be  explained 
in  the  following  manner.  In  the  unpoled  samples  the  crystallites  may  exist  with  all  pos¬ 
sible  orientations  with  respect  to  the  direction  of  the  poling  field.  The  crystallites  will, 
therefore,  require  different  poling  fields  to  provide  the  energy  necessary  for  an  identical 
rotation.  However,  since  the  rotation  of  the  Form  1  type  crystallites  may  occur  only  in 
discrete  steps  of  60  \  a  complete  alignment  of  all  the  crystallites  at  a  specific  field  may  not 


Figure  11.  The  behaviour  of  d» i  of  the  7: 1  stretched  sample*  with  corona  charging 
potential.  Sample  thickness » 25  urn. 
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be  possible.  The  dipolar  axes  of  the  Form  1  crystallites  will  thus  be  statistically  arranged 
at  angles  between  ±  30°  to  0°  with  respect  to  the  direction  of  the  poling  held.  A  similar 
argument,  applied  to  the  Form  2  structure,  would  allow  a  distribution  of  crystallite  axes 
between  ±45°  to  0°  to  the  held  direction.  Further  work  is  in  progress  to  determine  the 
activation  energies  and  time  constants  involved  with  these  two  processes  from  studies  of 
structural  changes  and  their  effects  on  d% i,  the  variable  parameters  being  the  poling 
temperature,  time,  electric  helds  and  stretch  ratios. 

Finally,  figure  12  demonstrates  that  the  observed  magnitude  of  dn  is  independent  of 
the  polarity  of  the  corona  charges  which  would  be  in  agreement  with  the  concept  of  the 
dipolar  orientation  being  the  dominant  mechanism  of  the  induced  piezoelectricity  in 

PVF2. 


Figure  12.  Comparison  of  measured  dn  values  for  positive  and  negative  polarities  of 
corona  at  7  kV  for  samples  stretched  2: 1  to  7: 1. 


5.  Conclusions 

Piezoelectricity,  induced  in  polycrystalline  PVFa  hlms  of  Form  2  structure,  may  originate 
from  (i)  a  change  in  symmetry  from  Cs*  of  non-polar  Form  2  structure  to  C2»  type  (polar 
Form  2)  arising  from  rotations  of  the  crystal  a  and  b  axes  through  90°  on  corona  poling, 
and  (ii)  preferential  alignment  and  a  change  in  the  molecular  axes  of  the  Form  1  crystal¬ 
lites  due  to  uniaxial  stretching  and  subsequent  corona  poling. 
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Figure  3.  l  ane  transmission  pattern  of  a  sample 
stretched  h\  ’ 


Figure  5.  Laue  transmission  pattern  of  2:1 
stretch  sample  after  corona  charging  to  6  kV. 
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The  changes  in  the  x-ray  diffraction  patterns  of  16-  and  23-pm-thick  polyvinylidene  fluoride  Aims,  caused 
by  6-kV  corona  charging  at  room  temperature,  are  presented.  The  diffraction  peaks  corresponding  to 
(100)  and  (020)  a-crystalline  forms  tend  to  be  considerably  reduced  while  the  (110)  /3-form  peak  changes 
in  shape  and  position. 

PACS  numbers:  77.90. +k,  8l.60.Jw,  61.S0.Km,  73.SO.Bf 

Polyvinylidene  fluoride  (PVF2)  is  a  semicrystalline  poling  using  a  corona  charging  source  at  voltages  of 

polymer  which  may  exist  at  least  in  two  stable  crystal-  up  to  ±6  kV  at  room  temperature, 

line  forms, 1  namely,  a  planar  zigzag  polar  form  (£ 

form  or  Form  l)1  and  a  T-G-T-G  nonpolar  form  (a  form  An  attempt  has  been  made  in  the  present  study  to  ob- 
or  Form  2)1  where  T,  O',  and  U  denote  the  trans  and  the  serve  changes  in  molecular  conformation  due  to  corona 

two  types  of  gauche  forms,  respectively.  Oshikl  and  charging  of  16-  and  25-pm -thick  films  of  PVF2  by 

Fukada4  show  that  a  significant  reduction  of  the  a  form  x-ray  diffraction  techniques.  The  films  were  supplied 
takes  place  on  stretching  and  subsequently  subjecting  by  the  Kureha  Chemical  Industry  Co.  Ltd. ,  of  Japan, 

the  PVFj  films,  originally  containing  both  a  and  P  Test  samples  -3  cm2  in  area  were  cleaned  with  acetone 

forms,  to  high  dc  fields  over  extended  periods  of  time  and  diffraction  patterns  were  recorded  for  Bragg  angles 
at  elevated  temperatures  (i.e, ,  poling).  The  infrared  (i.e. ,  26)  between  16°  and  23°  using  the  step  scanning 

and  Raman  spectroscopic  studies  of  Latour5  also  sup-  technique  and  Ni-filtered  Cu -K  radiations.  The  samples 

port  such  observations  on  poling  of  PVF2  films.  Tamura  were  then  corona  charged  at  room  temperature  to  a 

el  nl .*  detected  changes  in  the  polarized  infrared  spec-  surface  potential  ±6  kV  using  a  similar  technique  to  that 

trum  which  indicated  an  orientation  of  /3-form  crystal-  of  Southgate*  and  diffraction  patterns  redetermined.  The 

lites  on  poling  and  this  is  supported  by  the  changes  in  results  are  shown  in  Figs.  1  and  2.  Table  I  provides  a 

the  x-ray  diffraction  pole  figure  of  Kepler7  for  poled  and  summary  of  the  peak  positions  observed  (i.e. ,  26 

unpoled  samples.  Southgate*  reports  a  significant  re-  values)  in  the  present  work  and  the  corresponding 
duction  of  the  infrared  absorption  peaks  at  762  and  975  crystallographic  data  of  PVFj  (without  corona  charging) 

cm'1,  which  have  been  ascribed  to  the  «  form,''  after  due  to  Hasegawa  cl  al.  Although  no  internal  standard 
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TABLE  I.  Summary  of  x-ray  diffraction  results  of  PVF2  films  (before  and  after  corona  charging). 


Crystallographic  data  due  to  Diffraction  data  (present  work) 

Hasegawa  el  at.  Before  corona  charging  After  corona  charging 

Sample  Crystallo-  Area  Integral  Area  Integral 

thickness  Bragg  Crystalline  graphic  Bragg  (arbitrary  breadth  Bragg  (arbitrary  breadth 

(x  10‘6  m)  angle  29*  form  plane  angle  29*  units)  (rad)  angle  29*  units)  (rad) 


16 

17.9 

a 

(100) 

17.7 

11.2 

.  .  . 

17.7 

1 

•  •  • 

18.4 

a 

(020) 

18.4 

3.4 

•  •  • 

18.4 

1 

... 

20.1 

a 

(110) 

20.0 

54.52 

0. 00614 

19.4 

3.3 

... 

20.85 

8 

Composite 

peak 

(110)  +  (200) 

20.7 

45. 16 

0. 00636 

20.16 

65.  25 

0.00883 

25 

20.1 

a 

(110) 

20.15 

76.  5 

0. 00448 

19.9 

11.2 

•  •  • 

20.85 

8 

Composite 

peak 

(110)  +  (200) 

20.9 

93.5 

0. 00537 

20.6 

109.6 

0.00846 

has  been  used  in  the  present  work  for  calibration  of  the 
spectra,  the  discrepancies  between  the  observed  20 
values  and  those  of  Hasegawa  el  al. 10  do  not  produce 
differences  in  the  magnitudes  of  the  relevant  lattice 
parameters  in  excess  of  2(\  .  It  should  be  pointed  out 
that  there  is  a  positional  uncertainty  of  28  values  in  the 
present  work,  not  exceeding  0.1°,  associated  with  the 
mounting  of  the  sample.  As  the  structure  factor  due  to 
the  (110)  peak  alone  in  the  composite  0-form  peak  at 
20*20.85“  (Table  I,  Hasegawa  el  al.10)  is  about  4.6 
times  greater  than  that  of  the  other  components  of  the 
peak,  i.  e. ,  (200)  peak, 11  this  composite  peak  will  be 
labelled  as  the  (110)  (.’-form  peak  henceforth. 

It  may  be  observed  from  Fig.  1  that  after  the  applica¬ 
tion  of  corona  charging  the  (100)  and  (020)  a -form  peaks 
are  almost  completely  removed  and  are  just  visible 
above  the  background  level.  This  was  the  case  also  for 
the  25-pm-thick  sample.  The  intensity  of  the  (110)  o- 
form  peak  was  observed  to  diminish  with  increasing 


surface  potential  due  to  corona  charging.  Thus  for  the 
case  of  a  surface  potential  of  6  kV,  which  was  the  maxi¬ 
mum  value  employed  in  the  present  work,  the  shoulder 
on  the  lower  angle  side  of  the  (110)  0-form  peak  (Fig.  1) 
may  be  attributed  to  the  much  reduced  (110)  o-form 
reflection  rather  than  being  a  new  peak.  The  (110) 
a -form  and  (110)  0-form  peaks  have  been  resolved  in 
Figs.  1  and  2  to  show  distinctly  the  pronounced  effect  of 
corona  charging.  For  the  sake  of  clarity,  the  diffrac¬ 
tion  pattern  of  the  25 -pm -thick  film  has  been  shown  in 
Fig.  2  for  a  restricted  range  of  26  values  where  the 
(110)  a -form  peak,  which  is  much  reduced,  may  be 
distinctly  observed  as  a  shoulder  on  the  (110)  0-form 
profile  after  corona  charging.  These  large  reductions 
in  the  areas  under  the  three  a  -form  peaks  (see  Table  I) 
and  the  observed  significant  increase  in  the  area  under 
the  (110)  0-form  profile  after  corona  charging  indicates 
a  change  in  the  molecular  conformation  (i.e. ,  a  reduc¬ 
tion  in  a -form  crystallites  and  an  increase  in  the  0- 
form  crystallites)  in  PVF2  films  which  would  be  in 


FIG.  1.  X-ray  diffraction  spectra  of  16- 
Mm-thlck  sample  of  PVFj  before  and  after 
corona  charging. 
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FIG.  2.  X-ray  diffraction  spectra  of  25- 
Mm-thick  sample  of  PVF2  before  and  after 
corona  charging. 


agreement  with  Southgate.1  Furthermore,  the  line- 
widths  (i.e. ,  integral  breadth)  of  the  (110)  f-form 
diffraction  profiles  were  also  observed  to  increase 
significantly  [Figs.  1  and  2  and  Table  4  (Ref.  10)  after 
corona  charging]  which  would  indicate  a  decrease  in  the 
f3 -form  crystallite  size  and/or  an  increase  in  the  lat¬ 
tice  distortion. 

Finally,  it  may  be  observed  from  Figs.  1  and  2  that 
after  corona  charging  the  peak  positions  (i.  e. ,  20 
values)  of  the  (110)  diffraction  profiles,  in  particular, 
the  A -form  peak  (Fig.  1)  shifted  to  a  lower  value  by 
more  than  0.5°  (Table  5,  Ref.  10),  which  is  significant¬ 
ly  greater  than  the  positional  uncertainty  (i.e.  ,  ±0. 1°) 
in  the  present  work.  This  corresponds  to  an  increase 
in  an  interplanar  separation  of  over  3%. 

A  possible  explanation  of  the  results  may  be  as  fol¬ 
lows.  The  high  electric  field  stress  caused  by  corona 
charging  may  have  an  effect  on  the  PVF2  film  analogous 
to  that  of  a  mechanical  stretching  or  rolling.  It  is 
established  that  such  mechanical  treatments  may  cause 
the  carbon-carbon  backbones  to  be  aligned  preferential¬ 
ly  with  the  surface  plane"  (i.e.,  110  planes).  Under  the 
action  of  a  high  electric  field  the  electrostatic  force 
might  compress  the  film  thickness ,  which  in  turn  may 
relax  the  C-C-C  bond  angles  thereby  increasing  the 
C-C  separation.  As  a  consequence,  the  fluorine  atoms 
in  the  a  form  may  be  able  to  overcome  the  stearic 
hinderance  and  the  C-F  bonds  can  flip  over,  producing 
a  structure  resembling  to  that  of  the  (i  form.  Similar 
expansions  may  not  occur  in  the  (100)  and  (020)  direc¬ 


tions  because  of  the  restrictions  on  the  separations  of 
the  individual  chains.  Furthermore,  the  high  internal 
energy  due  to  the  coupling  of  the  C-F  dipoles  in  the  (i 
form  would  cause  the  crystallites  to  remain  aligned  in 
their  own  molecular  field  even  when  surface  charges 
are  removed. 

Further  work  is  in  progress  at  present,  using  an 
internal  standard,  to  determine  quantitatively  changes 
in  lattice  dimensions  and  distortions,  crystallite  size 
and  orientation,  and  crystallinity  in  PVF2  after  corona 
charging. 
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Biaxially  stretched  PVF,  films  were  poled  by  corona  charging  over  a  range  of  surface  potentials  not 
exceeding  10  kV.  Studies  of  x-ray  diffraction  patterns  are  presented  together  with  the  measured  values  of 


the  piezoelectric  constant  dtl  of  such  films.  The  results  indicate 
arises  from  the  dipolar  orientation  of  the  polar  crystallites. 

PACS  numbers:  77.60,  +  v,  73.«O.Bf,  68.20. +t 

Polyvinylidenefluoride  (PVFa)  films  may  possess  si¬ 
multaneously  at  least  two1  stable  crystalline  structures, 
i.e. ,  a  polar  form5  (form  1  or  /J  form)  and  a  nonpolar 
form5  (form  2  or  cc  form).  It  has  been  established  that 
a  single  crystal  of  PVF,  in  the  polar  form  which  has  an 
orthorhombic  unit  cell  with  a  space  group4  Cm2m(C£) 
may  possess  piezo-electricity  without  being  subjected 
to  any  external  poling  process.  Murayama  el  aP  suggest 
that  in  PVF,  film,  containing  both  form  1  and  form  2 
crystallites,  the  piezoelectricity  and  the  pyroelectricity 
may  increase  with  increasing  form  1  (polar)  content. 
Southgate*  shows  that  on  poling  of  PVF,  films  by  corona 
charging  changes  in  molecular  conformation  and  an  en¬ 
hancement  in  the  pyroelectric  coefficient  occur.  Pre¬ 
liminary  studies7  of  x-ray  diffraction  patterns  also  in¬ 
dicate  that  on  poling  by  corona  charging  at  6  kV  a  change 
in  molecular  conformation  from  form  2  to  form  1  takes 
place  in  PVF,  films,  orginally  containing  both  forms. 

The  present  study  is  a  continuation  of  this  earlier  work, 
and  It  may  be  divided  into  two  parts  as  follows:  (i)  a 
study  of  x-ray  diffraction  patterns  of  (biaxially  streched) 
PVF,  films  25  pm  thick  (Kureha)  with  poling  by  corona 
charging  at  different  surface  potentials  (t>  +  10  kV)  and 
(it)  a  study  of  the  corresponding  magnitudes  of  the 
piezoelectric  coefficients  of  such  poled  samples. 

Poling  by  corona  charging  with  a  zerostat  gun7  and  a 


that  the  piezoelectricity  in  thit  polymer 


technique  similar  to  that  of  Southgate*  was  found  to  be 
unsuitable  for  uniform  and  repeatable  surface  potentials 
of  definitive  magnitudes  on  the  polymer  surface.  For 
the  present  work,  a  micromesh  control  grid  was  intro¬ 
duced  between  the  sample  and  the  corona  point  which 
was  connected  to  an  adjustable  and  stabilized  EHT  sup¬ 
ply  .  The  control  grid  was  connected  to  a  similar  but 
separate  EHT  supply  which  was  maintained  at  a  potential 
3  kV  below  that  of  the  corona  point.  Aluminum  electrodes 
were  vacuum  deposited  on  one  surface  of  circular  sam¬ 
ples  of  5  cm  in  diameter, the  metalized  surface  being 
in  contact  with  an  earthed  heavy  copper  plate  which 
was  maintained  at  a  constant  temperature  of  18  °C.  Pos¬ 
itive  charges  were  deposited  on  the  nonmetalized  surface 
of  the  polymer,  the  surface  potential  being  monitored 
continuously  with  a  Field  Mill  type  electrostatic  volt¬ 
meter  (Model  216,  IDB,  UCNW,  Bangor).  In  all  cases, 
the  surface  potential  was  observed  to  reach  the  desired 
values  within  10  sec.  after  the  application  of  the  high- 
voltage  supplies  to  the  corona  point  and  the  grid .  The 
poling  time  employed  for  each  sample  was  30  min  at  the 
end  of  which  period  the  nonmetalized  surface  was  earth¬ 
ed  temporarily. 

A  step-scanning  technique  was  employed  to  obtain  the 
x-ray  diffraction  profiles  of  PVF,  samples  using  Ni- 
filtered  Cu-K°c  radiations  with  a  Philips  x-ray  d  infract - 


FIG.  1.  X-ray  diffraction  pattern  as  a 
function  of  poling  (corona  charge)  field. 
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x  -  intensity  of  Form  1  compositedlO) *(200) pianes 
•  -  «  Form  2  { 1 10 1  plane. 


FIG.  2.  Magnitude  of  dj,  and  peak  in 
tensities  of  (110)  form  2  and  (110)  +  (200) 
form  1  as  a  function  of  poling  (corona 
charge)  Held. 


ometer  (Model  PW1050).  The  evaporated  aluminum 
electrode  on  one  of  the  surface  of  the  polymer  acted  as 
an  internal  standard  in  order  to  ascertain  an  uncertain¬ 
ty  in  the  value  of  28,  where  9  is  the  Bragg  angle,  not 
exceeding  0.1°.  Figure  1  shows  results  of  a  typical 
and  representative  set  of  detraction  profiles  of  PVF, 
samples  which  were  poled  by  corona  charging  at  dif¬ 
ferent  values  of  surface  potentials.  For  the  sake  of  com¬ 
parison,  a  diffraction  profile  of  an  unpoled  sample  is 
also  provided  in  Fig.  1 ,  and  it  may  be  stated  that  the 
respective  28  values  for  different  structural  planes  in 
this  profile  are  in  good  agreement  with  those  due  to 
Hasegawa  et  al.*  It  may  be  noted  from  Fig.  1  that  the 
peak  values  of  the  diffracted  intensities  of  the  form  2 
structural  planes  (100)  and  (020)  decrease  with  increas¬ 
ing  poling  field,  and  finally  their  magnitudes  become 
vanishingly  small  at  fields  in  excess  of  1.6xiO'Vm'1. 

It  may  also  be  observed  (Fig.  1)  that  the  form  2  (110) 
peak  intensity,  on  the  other  hand,  first  rises  with  the 
increasing  field,  not  in  excess  of  '•  1.6x10'  Vm"1 
face  potential  ~4.0KV)  beyond  which  it  decreases  ra¬ 
pidly.  The  composite  peak  (100) +  (200)  of  form  1,  on 
the  other  hand,  was  observed  to  Increase  continuously 
as  the  poling  field  was  increased.  It  should  be  stated  that 
each  individual  chain  molecule  of  forms  1  and  2 
has  a  dipole  moment  normal  to  its  chain  axis,  although 
in  form  2  the  chains  pack  in  the  antipolar  array  In  a 
unit  cell.  Thus  it  may  be  expected  that  each  chain,  even 
in  form  2,  may  experience  a  change  in  orientation  due  to 
the  Interaction  with  the  poling  field.  Therefore,  it  is 
suggested  that  the  increases  in  the  height  of  the  form  1 
composite  peak  (110)  +  (200)  are  due  to  a  change  in  the 
orientatation  and  aligment  in  the  lower-field  region 
which  is  in  agreement  with  Kepler.'  The  behavior  of  the 
form  2  peaks,  i.e.  (100),  (020),  and  (110),  may  be  ex¬ 
plained  by  a  modification  of  form  2  due  to  an  orientation 
of  the  resultant  dipole  moments  of  individual  chains  in 
the  low-field  region.  Furthermore,  with  fields  in  excess 
ofM.6xio*Vm*1,  a  change  into  a  form  1  type  of  crys¬ 


tallite  may  be  progressively  completed.  This  observation 
is  in  agreement  with  a  previous  report  by  the  present 
worker.7  However,  in  contrast  to  the  previous  work,7 
no  peak  shifts  in  29  values  were  observed  with  the  pre¬ 
sent  method  of  corona  charging  even  for  the  highest  sur¬ 
face  potential  employed  (i.e. ,  10  kV  or  a  field  of  4x10® 

V  m'1).  Although,  unlike  in  the  present  work,  an  inter¬ 
nal  standard  was  not  used  in  the  previous  work,7  the 
observed  peak  shifts  for  both  form  1  (110)  +  (200)  and 
form  2  (100)  profiles  with  corona  charging  by  a  zero- 
stat  gun  were  well  outside  the  limits  of  measurements 
and  setting  errors.  The  reason  for  this  discrepancy  is 
not  understood  but  may  be  due  partly  to  a  higher  local¬ 
ized  poling  by  the  zerostat  gun. 

Following  the  x-ray  analysis,  a  second  aluminum 
electrode  was  evaporated  on  the  other  surface  of  the 
poled  samples  which  was  then  left  for  24  h  with  the 
electrodes  short  circuited.  The  piezoelectric  coefficient 
d,!  was  then  measured  for  samples  poled  at  different 
surface  potentials  using  a  conventional  static  method  of 
the  release  of  a  fixed  weight  at  a  constant  temperature 
using  an  electropneumatic  solenoid  valve.  A  Tektronix 
Storage  Oscilloscope  (Mode  549  with  a  1  A7  amplifier) 
was  used  to  monitor  the  piezoelectric  charge.  Figure 
2  shows  the  variation  of  <4i  with  poling  fields  together 
with  the  changes  in  the  peak  values  of  form  2  (110)  and 
form  1  (110)  +  (200)  diffraction  profiles.  The  behavior 
of  the  piezoelectric  coefficient  d,,  (Fig.  2)  as  a  function 
of  the  poling  field  (or  surface  potential  after  corona 
charging)  may  be  observed  to  be  similar  to  that  of  the 
pyroelectric  coefficient  with  the  permanent  polarization 
in  PVF,  after  corona  charging  (Ref.  6). 

It  is  suggested  that  up  to  a  poling  field  of  ~  1. 6 
x  10*V  m*1,  the  piezoelectricity  in  PVF2  may  arise  from 
dipolar  orientations  of  both  form  1  crystallites  and  the 
new  Intermediate  modifications  of  form  2  crystallites. 
Above  this  field,  the  piezoelectricity  in  this  polymer 
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may  be  entirely  due  to  the  dipolar  orientation  of  the 
form  1  type  of  molecules. 

Finally,  it  may  be  stated  that  corona  charging  of  poly¬ 
mer  films  at  ordinary  temperatures  may  be  more 
satisfactory  method  of  poling  than  the  conventional 
method  employed  at  elevated  temperatures  for  compar¬ 
able  values  of  the  piezoelectric  coefficients. 

This  work  is  financially  supported  by  a  reserach 
grant  from  the  U .  S  Army . 
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Abstract.  Biaxially  stretched  polyvinylidene  fluoride  (PVFt)  films  of  25  pm  thickness 
were  poled  by  corona  charges  at  surface  potentials  of  10  and  5  kV.  X-ray  diffraction 
studies  suggest  that  structural  changes  from  the  non-polar  Form  2  type  to  the  polar 
Form  1  type  occur,  via  an  intermediate  polar  Form  2  type,  in  PVFs  on  corona  charging. 
The  similarity  in  behaviour  of  the  reversible  pyroelectric  coefficient  p,  and  the  piezo¬ 
electric  strain  coefficient  dai  with  temperature  suggest  that  these  two  phenomena  in 
PVFs  may  have  a  common  origin. 

1.  Introduction 

Polyvinylidene  fluoride  (PVFa)  is  a  semi-crystalline  polymer  which  may  exist  in  at  least 
two  stable  forms  simultaneously,  i.e.,  a  planar  zig-zag  (all-trans  conformation)  polar 
form  (Form  1  or  /5-form)  with  two  monomer  units  ( — CH2— CF2)  per  unit  cell  belonging 
to  the  space  group  CmC2m(C2v14)  (Lando  et  al  1966,  Hasigawa  et  al  1972)  and  the 
T-G-T-G'  form  (Form  2  or  a-form)  with  the  space  group  P2i/C(C2h5)  (Doll  and  Lando 
1970).  In  the  Form  1  unit  cell  structure  the  dipole  moments  of  each  monomer  unit 
(2-1  D)  are  parallel  to  each  other  and  oriented  in  a  direction  perpendicular  to  the  polymer 
chain  axis  (Nakamura  and  Wada  197kj  Asa  result,  there  is  a  net  dipole  moment  within 
the  Form  1  type  unit  cell.  In  the  T-G-T-G’  conformation  there  is  also  a  dipole  moment 
normal  to  the  chain  axis,  but  in  the  Form  2  unit  cell  the  adjacent  chains  pack  with  their 
dipoles  in  an  antiparallel  array.  Thus  the  Form  2  unit  cell  has  no  net  dipole  moment. 
Thus  a  single  crystal  of  PVFa  Form  2  structure  may  not  be  expected  to  be  piezo-  or 
pyroelectric  whereas  the  Form  1  type  structure  will  exhibit  these  effects  without  any 
external  poling.  A  poling  may  be  achieved  by  applying  a  high  electrical  stress  to  the 
polymer  at  an  elevated  temperature  for  an  extended  period  of  time  and  subsequently 
cooling  the  specimen  to  the  ambient  temperature  in  the  presence  of  the  external  electric 
field  (i.e.  conventional  poling).  The  relationship  between  the  dielectric  displacement  D, 
the  electric  field  F,  the  relative  permittivity  et  and  the  frozen-in  non-equilibrium  polarisa¬ 
tion  P  is  given  by 

D=e0e,F+P  (1) 

where  «o  is  the  permittivity  of  free  space.  For  F=  0,  i.e.  with  a  short-circuited  poled  sample, 
we  have  from  equation  (1) 

dD  =SP  _  3QIA  im  „ 

d S  F-0,T  dS  F-O.T  ds  F-0 ,T  A\dS/F-0,T 

where  5  is  the  stress,  Q  the  charge  liberated,  A  the  electrode  area  and  T  the  temperature. 
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The  piezoelectric  strain  coefficient  is  defined  thus: 


Ip-o.t 


(3) 


where  i  =  1,  2  and  3  and  j=  1,  2,  3,  4,  5  and  6.  Similarly,  the  pyroelectric  coefficient  may 
be  expressed  thus: 


=  1  (dQ\  =  1  dQ  dt  =  1  _  d/ 
P~A  \df)p-o,s~ A  dt  dt  A  dt 


(4) 


where  I  is  the  short-circuited  current  through  the  sample  and  dT/dt  is  its  rate  of  rise  of 
temperature. 

The  piezoelectric  matrix  components  for  PVF2  with  Form  1  structure  with  the  space 
group  C2V  are  as  follows  (Nye  1957): 


(5) 


and  the  corresponding  pyroelectric  components  are 

Ogasawara  et  al  (1976)  and  also  Murayama  and  Hashizumi  (1976)  have  shown  that  for 
identical  poling  conditions  the  piezo-  and  pyroelectricity  in  PVF2  are  linearly  related 
with  each  other.  It  is  also  established  that  the  piezoelectricity  in  PVF2  increases  with 
increasing  Form  1  contents  (Murayama  et  al  1975).  Wada  and  Hayakawa  (1976)  review 
the  piezo-  and  pyroelectric  properties  and  the  nature  of  their  origin  in  PVF2. 

It  has  been  shown  that  a  significant  structural  change  from  Form  2  to  Form  1  may 
occur  on  corona  poling  of  PVF2,  originally  containing  both  the  forms  (Southgate  1976, 
Das-Gupta  and  Doughty  1977,  McKinney  and  Davis  1978). 

The  present  work  reports  the  results  of  a  study  of  the  structural  behaviour  and  its 
relevance  on  r/31  and  p  after  repeated  thermal  cycling  of  corona-charged  PVF2  films. 


2.  Experimental  details 

25  pm  thick  biaxially  stressed  PVF2  films  containing  both  Form  1  and  Form  2  type  of 
crystallites  were  employed  in  this  work  and  the  films  were  kindly  provided  by  the  Kureha 
Chemical  Industries  Company  Limited  of  Japan.  Aluminium  electrodes  of  5  cm  in 
diameter  were  vacuum-deposited  on  one  surface  of  each  sample  which  was  then  held 
under  pressure  between  two  short-circuited  aluminium  plates  and  conditioned  in  an  oven 
at  a  constant  temperature  of  120°C  for  15  h.  X-ray  diffraction  profiles  of  each  sample 
were  subsequently  obtained  for  a  26  range  of  17-22°,  where  6  is  the  Bragg  angle,  using 
CuKrc  radiations  and  a  step-scanning  technique  as  described  in  a  previous  work  (Das- 
Gupta  and  Doughty  1978).  The  evaporated  aluminium  electrode  on  one  face  of  each 
sample  acted  as  an  internal  standard  and  the  uncertainty  in  the  observed  value  of  26 
at  the  peak  of  a  diffraction  profile  did  not  exceed  O'  1  °.  Pairs  of  samples  were  then  corona- 
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charged  at  a  time  by  a  method  described  elsewhere  (Das-Gupta  and  Doughty  1978)  for 
100  s  to  the  desired  values  (i.e.  +5  kV  and  +10kV)  of  the  surface  potential.  X-ray 
diffraction  patterns  for  each  of  the  corona  charged  pair  of  samples  were  recorded  for  the 
same  range  of  26  values,  described  above.  Each  sample  was  then  shorted  between  two 
sheets  of  aluminium  for  24  h  at  20  °C.  Following  this  procedure,  conducting  silver  paste 
was  painted  on  the  non-metallised  surface  of  each  sample  which  was  then  mounted  on  a 
circular  aluminium  block  of  5  cm  in  diameter,  located  on  a  copper  heating  block. 
A  programmed  power  supply  was  employed  to  raise  the  temperature  of  the  sample  from 
20  to  90  C  at  a  heating  rate  of  2”C  min*1,  the  temperature  being  recorded  continuously 
by  a  Keithley  electrometer,  Type  602.  The  cooling  of  the  sample  from  a  high  temperature 
to  ambient  condition  was  achieved  with  liquid  air  in  an  evacuated  double-walled  liquid 
dewar  which  was  attached  to  the  copper  heating  plate.  After  the  first  thermal  cycle  (i.e. 
20°-90°-20  °C)  the  magnitude  of  short-circuited  current  through  the  specimen  was 
observed  to  be  repeatable  on  successive  runs.  The  electrode  of  silver  paste  was  then 
removed  with  acetone  and  the  x-ray  diffraction  pattern  of  the  corona-poled  sample  was 
obtained  again. 

A  second  aluminium  electrode  was  then  vacuum-deposited  on  the  non-metallised 
surface  of  the  other  sample  of  the  corona-charged  pair  which  was  then  left  for  24  h 
with  the  electrodes  short-circuited.  The  piezoelectric  strain  coefficient  dn  of  this  specimen 
was  subsequently  measured  in  a  temperature  controlled  oven  using  a  conventional  static 
method  of  releasing  weight  by  means  of  an  electropneumatic  solenoid  valve.  A  standard 
mica  capacitor  was  connected  in  parallel  with  the  sample  and  the  voltage  developed 
across  it  due  to  the  release  of  charges  was  monitored  with  a  Type  549  Tektronix  storage 
oscilloscope  and  a  Type  1 A7  amplifier.  These  measurements  were  carried  out  with  each 
sample  at  steps  of  5  °C  in  the  temperature  range  of  20-90  °C  with  a  rate  of  rise  of  tempera¬ 
ture  of  4  °C  min  1  and  dsi  values  were  computed.  The  sample  was  then  allowed  to  cool 
to  io  C  before  further  measurements  of  tfsi  were  made  for  the  second  and  further 
subsequent  thermal  runs.  Finally,  the  behaviour  of  dji  with  annealing  at  temperatures 
up  to  150"C  was  investigated  in  which  the  sample  was  subjected  to  each  annealing 
temperature  for  1 5  h  under  short-circuited  conditions. 


3.  Results 

Figure  1  shows  the  effects  of  corona  charging  on  the  structure  of  PVFs>,  originally  con¬ 
taining  both  Form  1  and  Form  2  crystallites.  The  observed  26  values,  i.e.  angular 
positions  of  diffracted  peak  intensities,  for  respective  structural  planes  for  the  unpoled 
specimen  are  in  good  agreement  with  Hasegawa  et  al  (1972).  It  may  be  noticed  that 
whilst  the  peak  intensities  of  Form  1  composite  profile  of  (1 10)/(200)  planes  and  Form  2 
(110)  plane  increase  those  of  Form  2  (100)  and  (020)  planes  become  vanishingly  small 
(see  figure  1)  on  corona  poling  at  a  potential  of  5  kV.  However,  on  increasing  the 
charging  potential  to  10  kV,  the  Form  2  (110)  peak  intensity  was  observed  to  reduce 
significantly  whilst  that  of  the  Form  1  composite  peak  (1 10)/(200)  enhanced  considerably. 
These  observations  arc  in  agreement  with  those  previously  reported  by  the  present  workers 
(Das-Gupta  and  Doughty  1978). 

A  typical  behaviour  of  thermally  stimulated  (short-circuit)  currents  (tsc)  for  the 
first  heating  cycle  with  PVF^  films,  poled  at  two  different  surface  potentials  of  5  and 
10  kV,  are  shown  in  figure  2.  Both  curves  display  a  broad  peak  at  ~49°C  and  have 
similar  profiles  to  those  reported  by  other  workers  (Cresswell  et  al  1972,  Pfister  and 
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Figure  I.  X-ray  diffraction  patterns  of  25  (im  thick  PVF«  film  before  (O)  and  after 
corona  poling  to  (•)  5  kV,  (x)  10 kV. 


Figure  2.  Thermally  stimulated  current  (tsc)  during  the  first  heating  cycle  (irreversible) 
in  corona  charged  PVFS  film  of  25  fxm  thickness:  A,  Corona  potential  10  kV,  charging 
time  100  s  and  charging  temperature  20  °C;  B,  Corona  potential  5  kV,  otherwise  as  in  A. 


Abkowitz  1976,  Sharp  and  Gam  1976).  In  figure  3  are  presented  the  typical  behaviour 
of  the  true  (i.e.  reversible)  pyroelectric  currents  for  the  second  and  successive  cycles  with 
temperature,  which  are  about  an  order  of  magnitude  lower  than  those  for  the  tsc  currents 
(irreversible),  observed  during  the  first  cycle  (figure  2).  The  pyroelectric  coefficient  p  was 
calculated  from  these  plots  (figure  3)  using  equation  (4)  and  the  magnitude  of  p  in 
curve  A  (figure  3,  10  kV  case)  appears  to  be  ~  3  x  10  5  C  nr2  K_1  at  20  °C,  rising  to  a 
value  of  8  x  10~»  C  nr2  K_1  at  90  °C.  The  corresponding  values  of  p  for  curve  B  (figure 
2,  5  kV  case)  are  ~  2  x  10's  C  m"2  K"1  and  6  x  10"6  C  m-2  K1  respectively.  The  largest 
yet  reported  magnitude  of  p  at  room  temperature  for  conventionally  poled  PVF* 
(Peterson  et  al  1974)  is  41  x  10  s  C  m~2  K_1  which  is  in  good  agreement  with  the  present 
work  in  which  corona  poling  has  been  employed.  The  magnitude  p  (figure  3)  seems  to 
increase  linearly  with  temperature  up  to  ~  60  °C  beyond  which  there  is  evidence  of  super- 
linear  rate  of  increase  which  is  also  in  agreement  with  other  workers  (Burkard  and 
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Figure  3.  Thermally  stimulated  current  (reversible)  during  the  second  heating  cycle  and 
the  pyroelectric  coefficient  with  corona  charged  PVFt  him  of  25  pm  thickness.  Poling 
conditions  for  curves  A  and  B  are  the  same  as  in  figure  1. 
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Figure  4.  The  behaviour  of  the  (reversible)  piezoelectric  strain  coefficient  dn  of  corona 
charged  PVF«  film  of  25  pm  thickness.  Poling  conditions  for  curves  A  and  B  are  the 
same  as  in  figure  I . 


Pfister  1974,  Sharp  and  Gam  1976).  The  temperature  dependence  of  the  (reversible) 
piezoelectric  strain  coefficient  dji  for  the  two  different  poling  conditions  is  shown  in 
figure  4.  The  magnitude  of  </si,  observed  in  the  present  work,  with  the  corona-poled 
samples,  is  in  agreement  with  that  observed  by  other  workers  (Murayama  et  a I  1975, 
Kepler  and  Anderson  1978a,b)  using  conventional  poling  technique  at  comparable 
electrical  stresses.  Figure  5  shows  that  repeated  cycling  from  20-90  °C  has  little  effect 
on  the  structure  of  corona-poled  PVF*  films.  Finally,  figure  6  is  a  plot  of  normalised 
values  of  dn  as  a  function  of  the  annealing  temperature  and  it  shows  that  approximately 
half  the  activity  still  remains  even  after  annealing  at  140°C.  It  may  be  mentioned  that 
with  conventionally  poled  samples  Pfister  et  al  (1973)  observed  the  polarisation  to  decay 
markedly  in  PVFz  at  a  temperature  ~  100 °C. 
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Figure  5.  Effect  of  thermal  aging  on  the  x-ray  diffraction  profiles  of  corona-charged 
(10  kV  case)  PVFj  film  of  25  |im  thickness:  x  before  thermal  cycling,  O  after  several 
thermal  cycles  between  20-90  °C, 
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Figure  6.  Decay  of  du  (normalised)  as  a  function  of  annealing  temperature. 

4.  Discussion 

It  is  obvious  from  figure  1  that  the  (corona)  poling  has  a  significant  influence  on  the 
structure  of  both  Form  1  and  Form  2  crystallites  in  PVFz.  It  is  established  that  the  piezo¬ 
electric  response  may  be  considerably  enhanced  on  poling  of  this  polymer,  containing 
mostly  Form  2  type  crystallites,  at  a  dc  field  of  7-8  x  107  V  irr1  and  subsequently 
annealed. 

In  view  of  the  above  observations  and  assuming  that  a  model  of  dipolar  orientation 
on  poling  to  be  responsible  for  the  induced  piezo-  and  pyroelectricity  in  both  Form  1 
and  Form  2  PVFa  (Mopsik  and  Broadhurst  1975),  the  observed  enhancement  of  the 
diffraction  peak  intensity  of  the  Form  2  (110)  plane  in  the  present  work  (figure  1)  may 
be  explained  in  the  following  manner  (Das-Gupta  and  Doughty  1978,  Davis  et  a!  1978). 
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On  corona  poling  (5  kV  case)  of  PVF2  films  containing  both  Form  1  and  Form  2 
crystallites,  a  conversion  of  Form  2  unit  cell  to  a  polar  intermediate  form,  but  still 
maintaining  the  T-G-T-G'  structure  of  the  polymer  chains,  may  occur  due  to  only  a 
rotation  of  alternate  chains  about  the  chain  axis  through  180°  without  any  alteration  in 
the  (Form  2)  unit  cell  dimensions.  The  stability  of  such  an  intermediate  polar  form  with 
the  unit  cell  dimensions  of  the  Form  2  structure,  may  not  violate  the  conditions  for  the 
minimum  potential  energy  requirement  (Farmer  et  al  1972).  Such  a  model  will  also 
explain  the  observed  reduction  of  the  peak  heights  in  the  reflection-diffraction  profiles 
of  Form  2  (100)  and  (020)  planes.  The  increase  in  the  height  of  the  Form  1  composite 
peak  (1 10)/(200)  (figure  1)  is  due  to  an  orientation  and  alignment  of  the  dipoles  due  to 
corona-poling  which  is  in  agreement  with  Kepler  et  a/(1978a,b).  On  further  increase  of 
the  corona  poling  voltage  (10  kV)  a  conformational  change  occurs  in  which  the  inter¬ 
mediate  polar  form  is  finally  converted  to  a  polar  zig-zag  Form  1  type  of  structure.  This 
is  also  in  agreement  with  Das-Gupta  and  Doughty  (1978)  and  Davis  et  al  (1978). 

There  is  as  yet  no  definitive  knowledge  on  the  origin  of  piezo-  and  pyroelectricity  in 
PVFa  which  may  arise  from  two  causes:  (i)  oriented  dipoles  and  (ii)  trapped  charges  in 
the  bulk.  Wada  and  Hayakawa  (1976)  observe  that  the  unit  cell  structure  of  Form  1 
crystal  has  a  large  spontaneous  polarisation,  Pf  of  013 Cm"2  which  increases  with 
increasing  poling  field.  An  integration  of  the  liberated  (irreversible)  charges  for  the  first 
tsc  runs  for  the  curves  A  and  B  in  figure  2  yields  polarisation  values  of  ~002  and 
0  01  C  ni-2  respectively.  Pfister  et  al  (1973)  show  that  such  irreversible  polarisation  is 
approximately  proportional  to  the  (conventional)  poling  field  which  is  in  agreement  with 
the  present  work  where  corona  poling  was  employed.  The  activation  energies,  calculated 
from  the  initial  slope  to  the  peak  positions  of  the  curves  A  and  B  in  figure  2  (Garlick  and 
Gibson  1948)  were  found  to  be  1-4  and  1-2  eV.  For  these  calculations  (i.e.  polarisation 
and  activation  energies)  the  reversible  pyroelectric  currents  were  subtracted  out  from  the 
irreversible  tsc  currents  of  the  first  cycles.  The  values  obtained  for  the  activation  energies 
in  this  work  are  lower  than  those  due  to  Sharp  and  Garn  (1976)  who,  however,  point  out 
that  the  position  and  the  magnitude  of  TSC  peaks  are  dependent  on  the  time  interval 
between  the  poling  and  the  measurement,  i.e.,  ‘rest-time’.  The  activation  energy  values 
would  indicate  the  energy  levels  of  the  traps  in  the  bulk  of  the  polymer  from  which  space 
charges  are  irreversibly  liberated  during  the  first  cycle  of  the  tsc  run. 

An  integration  of  the  pyroelectric  currents  in  curves  A  and  B  from  20  to  90  °C  (figure 
3)  produces  values  of  ~  0-004  and  0  002  C  m  2  respectively  for  the  residual  polarisation 
PT,  in  the  bulk  of  the  polymer,  which  are  about  20%  of  the  magnitudes  of  the  irreversible 
space  charge  polarisation  (curves  A  and  B,  figure  2).  These  values  of  Pt  are  similar  to 
those  obtained  by  Oshiki  and  Fukada  (1976). 

Using  a  rigid  dipole  model,  Lines  and  Glass  (1977)  estimate  for  the  pyroelectric 
coefficient 

p=^=0-07£x  10's  C  cm2  K~l  (8) 

where  E  is  in  108  V  m-1.  The  experimentally  observed  values  of  p  in  the  present  work 
(curves  A  and  B  in  figure  3)  arc  considerably  higher  than  those  predicted  by  the  equation 
(8).  Thus  the  assumption  of  rigid  dipoles  may  not  be  valid  which  is  in  agreement  with 
Lines  and  Glass  (1977)  who  further  add  that  a  rotation  of  C — F  and  C — H  bonds  with 
temperature  may  be  the  dominant  mechanism  for  pyroelectricity  in  PVF2.  In  this 
respect  a  small  change  in  the  x-ray  pole  figure  has  indeed  been  noticed  by  Kepler  et  al 
(1975)  after  poling  Form  1  type  PVFg  films.  It  may  also  be  noted  that  the  crystallinity 
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of  polyethylene  was  observed  to  decrease  from  67  %  to  57  %  on  increasing  the  temperature 
from  25  to  110  ’C  (Kavesh  and  Shultz  1970).  Following  this  argument,  Kepler  and 
Anderson  (1978)  observe  that  if  similar  changes  in  crystallinity  were  to  occur  in  PVFj, 
the  magnitude  of  the  pyroelectric  coefficient  would  be  5-9  x  10_&  C  m-2  K-1.  However, 
such  a  change  in  crystallinity  in  PVFa  with  temperature  has  yet  to  be  reported.  Tamura 
el  a /  (1977),  on  the  other  hand,  suggest  that  the  origin  of  piezo-  and  pyroelectricity  in 
PVF2  is  dipolar  orientation  of  the  Form  1  type  of  crystals,  embedded  in  the  amorphous 
phase,  along  the  direction  of  the  poling  field.  They,  however,  add  that  the  occurrence  of 
such  an  orientation  may  be  subject  to  the  degree  of  crystallinity  and  the  crystallite 
size. 

In  view  of  the  similarity  in  behaviour  of  the  pyroelectric  coefficient  p  (figure  3)  and 
the  piezoelectric  strain  coefficient  da  (figure  4)  in  PVFj,  it  may  be  suggested  that  the  two 
phenomena  have  a  common  origin.  Furthermore,  the  polarity  of  p  was  observed  to  be 
opposite  that  of  r/31  in  the  present  work.  Following  Nakamur  and  Wada  (1971)  it  may 
thus  be  argued  that  the  origin  of  the  two  phenomena  in  this  polymer  is  dipolar  orienta¬ 
tion  and  not  embedded  true  charges,  distributed  asymmetrically  in  the  bulk.  There  is, 
however,  a  possibility  that  a  part  of  the  pyroelectricity  observed  in  this  polymer  may, 
in  fact,  be  of  secondary  nature,  arising  due  to  the  piezoelectricity  when  the  specimen 
undergoes  thermal  expansion  against  its  constraints.  Such  a  possibility  has,  of  course 
been  discussed  by  Kepler  and  Anderson  (1978).  It  may  be  observed  from  figures  3  and  4 
that  p  and  1/31  are  linearly  related  with  each  other  for  identical  poling  conditions.  This 
is  in  agreement  with  Murayama  and  Hashizumi  (1975)  and  Ogasawara  (1976)  also 
employed  the  conventional  poling  technique. 

Finally,  it  is  suggested  that  the  corona  charging  may  be  a  useful  method  as  the  di¬ 
electric  may  be  poled  at  room  temperature  in  a  very  short  period  of  time  without  any 
sacrifice  of  the  magnitudes  of  the  pyro-  and  piezoelectric  responses.  The  present  results 
also  indicate  that  the  origin  of  the  pyro-  and  piezoelectricity  in  PVFe  with  corona  poling 
may  not  be  different  from  that  with  the  conventional  poling.  Furthermore,  it  appears 
that  a  PVF2  film,  poled  by  corona  charging  at  room  temperature,  is  structurally  stable 
(figure  5)  and  retains  a  significant  percentage  of  the  piezoelectric  strain  coefficient 
(figure  6)  da  1,  even  at  I40°C  which  is  well  above  its  poling  temperature. 
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Abstract 

The  effect  of  ageing  due  to  annealing  of  corui  a 
charged  PVF,  films  hat  been  studied  by  observations  of 

(i)  clanges''in  the  X-ray  diffraction  patterns  and 

(ii)  oecay  of  the  piezoelectric  strain  coefficient  u . . . 
Annealing  at  progressively  higher  tecqeratures  was 
observed  to  produce  a  gradual  depolarization  although 
considerable  piezoelectricity  was  still  reoaner.t  even 
at  150°C.  The  structural  morphology  of  the  corona 
charged  PVF,  vat  not  significantly  altered  by 
annealing  at  temperatures  up  to  ISO  C, 

1 .  _ Introduction 

There  is  a  great  need  of  new  materials  associated 
with  significant  piezoelectric  and  pyroelectric 
responses  which  may  be  used  in  a  wide  range  of 
measurement  technology  including  non-linear  optics, 
accoustic  detection  and  thermal  imaging.  Polymeric 
materials,  because  of  their  simplicity  of  fabrication, 
economy,  flexibility,  tougnness  and  sensitivity  to 
changes  in  pressure  and  temperature  are  obviously 
attractive  for  useful  applications  mentioned  above, 
although  their  piezoelectric  and  pyroelectric  responses 
are  considerably  less  than  those  of  ceramics  and  other 
ferroelectric  compounds,  sucl.  as  tryglycine  sulphate 
(TGS).  Polyvinyl icenefl uoride  (PVF,)  has  attracted 
much  attention  recently  because  it  has  the  highest 
piezo-  and  pyroelectric  coefficients  among  polymeric 
materials.  Furthermore,  it  is  a  semi-crystalline 
polymer  and  the  glass  transition  temperature  of  its 
non-crystalline  phase  is  well  below  ordinary  tetyer- 
atures  (T  ■v-51°C).  PVF2  nay  posseas  at  least  two 
stable  crystalline  structures,  i.e.  the  planar  zig-zag 
polar  form  (Form  1  or  B-form)2  with  a  dipole  moment  of 
2.1  D3  which  is  oriented  along  the  b-axis  (perpendic¬ 
ular  to  chain  axis)  and  the  non-polar  T-C-T-C  Form  2 
(i.e.  "-fomO^.  Murayama  et  al5  show  that  the  piezo¬ 
electric  response  in  PVF;  increases  witi.  increasing 
Form  1  contents  with  the  saue  poling  (conventional 
technique)  conditions.  The  conventional  technique  of 
poling  is  to  subject  the  polymer  to  a  high  electrical 
s.ress  at  a  suitable  elevated  temperature  and  then  cool 
it  down  to  ambient  temperature  in  the  presence  of 
externally  impressed  electric  field.  It  has  also  been 
suggested  that  the  piezo-  and  pyroelectric  coefficients 
in  PVF;  are  linearly  related6!7  with  each  other  for 
identical  poling  (conventional  technique)  conditions. 

It  is  established  that  the  piezo-  and  pyroelectricity 
in  PVF;  are  enhanced  by  poling  with  high  electric 
field  as  described  aboye.  Oshiki  1  Fukada5  suggest 
that  a  conformational  change  from  Form  2  to  Form  1 
(i.e.  polar)  nay  occur  on  stretching  and  tuch  poling  of 
PVF;  films,  originally  containing  both  the  forms.  This 
it  in  agreement  with  the  infrared9#16!* *,  Raman9  and 
X-ray  diffraction  studies1 'of  other  workers.  These 
facts  are  in  agreement  with  the  observations  that  the 
piezo-  and  pyroelectricity  in  PVF;  ere  due  to  one  of 
the  two  following  mechanisms:  (i)  strain  and 
temperature  dependence  of  spontaneous  polarization* 3 
(i.e.  dipolar  model)  and  (ii)  heterogeneity  and 
embedded  charges  in  the  film1 9 . 

Recently  Southgate*9  has  shown  that 
instantaneous  poling  of  PVF;  may  be  accomplished  at 
ambient  temperature  by  corona  charging.  In  this  work 
he  observed  a  significant  change  in  molecular 


conformation  from  Form  2  to  Form  1  in  PVF;,  originally 
containing  both  the  forms,  after  corona  charging. 

These  results  have  also  been  confirmed  by  X-ray 
diffraction  studies*6  of  corona  charged  PVF;.  These 
facts  tend  to  suggest  that  a  dipolar  orientation  in 
crystalline  and(or)  amorphous  phase  may  occur  in  PV1-, 
with  both  conventional  poling  and  by  corona  charging? 
However,  there  is  some  evidence5!7  which  suggests  that 
the  origin  of  piezo-  and  pyroelectricity  in  PVT;  may 
be  due  to  charge  injection  (homocharge)and/or  charge 
separation  at  defect  regions (heterocharge)  of  Form  1 
crystallites  in  addition  to  dipolar  orientation.  It 
it  also  of  interest  to  note  that  Ohigaahi2*  has  bees 
successful  in  obtaining  considerable  piezoelectric 
response  from  poled  films  of  biaxially  oriented  PVF. 
in  which  the  crystallites  are  mostly  in  the  non-polei 
Form  2  structure.  Thus,  it  appears  that  there  is  as 
yet  no  definitive  knowledge  of  the  origin  oi  piezo- 
and  pyroelectricity  in  PVF;,  although  there  is 
agreement  on  one  specific  observation  that  a  polar 
crystalline  form  is  pernaps  necessary  for  a  maxiruc 
response. 

The  relevance  of  the  changes  in  the  crystallite 
structure  (i.e.  from  Form  2  to  Form  1)  on  poling  is 
not  yet  understood.  Present  work  reports  the  results 
of  the  following  studies  of  ageing  in  corona  charged 
PVF;:  (i)  the  nature  of  decay  of  the  piezoelectric 
strain  coefficient,  d,,  and  (ii)  x-ray  diffraction 
profiles.  i 

2,  Poling  of  Samples 

Films  of  PVF ^  of  thickness  25  and  SOut,  both 
biaxially  oriented  were  kindly  provided  by  tne  Kureha 
Chemical  Co.  Ltd.  of  Japan.  Preliminary  structural 
studies  of  the  films  by  X-ray  dif f ractometry  indicated 
the  presence  of  both  Form  1  and  Form.  2  in  the  25gz 
thick  film  whereas  the  50um  thick  was  observed  to  be 
only  of  Form  2  composition.  Aluminium  electrodes  were 
vacuum  deposited  on  one  surface  of  circular  sacqrlet  of 
5cn.  diameters,  the  metallized  surface  being  in 
contact  with  an  earthed  heavy  copper  plate  at  a 
constant  tenqrerature  environment.  Positive  charges 
were  deposited  on  the  non-metal lized  surface  of  the 
polymer,  the  aurface  potential  being  continuously 
monitored  by  a  Field-Mill  type  electrostatic  voltmeter 
(Model  216,  IDU,  UCKV,  bangor).  A  microoeah  control 
grit  was  introduced  between  the  sample  and  the  cotons 
tip  which  was  connected  to  a  stabilized  and  an 
adjustable  high  voltage  supply.  Tbe  micrometh  control 
grid  was  connected  to  a  separate  but  similar  high 
voltage  supply  which  was  always  maintained  at  a 
potential  of  3Kv  lower  then  that  of  the  corona  point. 
The  surface  potential  of  the  polymer  film  was  observed 
to  reach  the  desired  values,  in  all  cases,  within  1C 
seconds  after  the  application  of  the  high  voltage 
supply  to  the  micromesh  grid  and  the  corona  point.  The 
maxioum  voltage  employed  at  the  corona  tip  (limited  by 
the  electrical  breakdown  of  samples)  ware  *10Kv  and 
♦ldKv  for  the  U  and  50  urn  thick  films  respectively. 
Corona  charging  was  carried  out  at  different  values  of 
surface  potential  for  a  poling  time  of  5  minutes  in 
each  case.  The  poling  temperature  was  18°C  for  the 
majority  of  the  sables,  however,  a  limited  number  oi 
•ample*  were  poled  at  -80°C  and  at  ♦100°c. 
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•  .  3  / _ >.-ta;  diffraction  Tro/iles 

* 

.  X-ray  dif f ruction  profiles  of  PVFj  samples  were 

obtained  with  a  Philips  Di f f ractot.ieter  (Type  PU1050) 
using  Ki-filtered  Cu-k«  radiations  and  a  step  scanning 
technique  in  the  range  of  26-values  of  17°  to  22°. 

The  metallized  aluminium  surface  of  the  polynmr  was 
used  as  an  internal  standard  in  order  to  ascertain  an 
uncertainty  in  the  value  of  26  of  less  than  0.1°. 


*.  Measurement  of  Piezoelectric  strain  coefficient 


Following  corona  charging  a  second  aluminium 
electrode  was  evaporated  on  the  unaetallized  surface 
of  the  polymer.  The  electrodes  of  the  poled  sample 
was  then  short  circuited  for  IS  hours  to  remove 
extraneous  charges.  The  magnitude  of  d.,  was  then 
determined  by  a  conventional  static  method  of  the 
/  release  of  a  fixed  weight  at  ambient  temperature 
using  an  electro-pneumatic  solenoid  valve.  A 
Tektronix  storage  oscilloscope  (Mode  549  with  1A7 
amplifier)  was  used  to  monitor  the  voltage  developed 
across  a  standard  mica  capacitor  by  piezoelectricity. 
The  samples  were  then  annealed  (with  electrodes  short 
circuited)  in  a  thermostatically  controlled  (within 
t2  of  desired  values)  oven  for  a  further  period  of 
15  hours.  At  the  end  of  this  period  the  sanples  were 
allowed  to  cool  down  to  the  ambient  temperature  for 
one  hour  before  d^  was  remeasured. 

5.  Results  and  Discussion 

Figure  1  shows  the  X-ray  diffraction  profiles 
of  25un  thick  PVFj  films  after  corona  charging  at 
different  surface  potentials  together  with  that  of  the 
unpoled  polymer.  The  26-values  of  the  respective 
peaks  for  the  unpoled  sample  are  in  good  agreement 
with  those  due  co  Nasegawa  et  al22.  The  observed 


■  -25pm  PVF,  before  corona  charging 

•  -  after  corona  charging  to  «6KV 

•  -  *  •  -  »10KV 


Figure  1:  X-ray  diffraction  pattern  before  and  after 
corona  charging. 

increase  in  the  intensity  of  the  (110)  Form  2  peak  for 
a  surface  potential  of  5  Kv  coopered  to  annihilation 
of  the  other  two  Form  2  peaks,  (i.e.  (100)  and  (020)) 
and  at  the  same  time  an  anhanceoent  in  the  intensity 
of  the  composite  Form  1  peak  (i.a.  (110)* (200)) 
suggest  that  an  intermediate  structural  conformation 
may  have  occurred.  With  poling  at  a  higher  corona 


tip  potential  (*10).v)  a  significant  increase  in  the 
intensity  of  the  Form  1  composite  peak  (110/200)  and 
a  very  considerable  reduction  in  that  of  Font  2  (110) 
peal  would  indicate  that  a  change  into  Form  1  type  ci 
crystallites  may  have  progressively  completed.  It  was 
observed  that  subsequent  heet  treatment  (i.e.  annealing) 
has  little  effect  on  the  X-ray  diffraction  profiles 
(Figure  2),  and  the  Form  2  (100)  and  (020)  peak  do  not 
appear,  however,  alight  differences  in  the 
intensities  of  Form  1  composite  peak  (110/200)  (which 
is  in  agreement  with  Kepler  et  al12),  and  Form  2  (110) 
peaks  were  observed  after  annealing  at  140°  in 
relation  to  their  respective  pre-annealed  magnitudes. 


o-  lOKViemple  before  annealing 

e  -  -  after  annealing  at  150  *C 


Figure  2:  X-ray  diffraction  pattern  oi  Pyr2  (25um) 
before  and  after  annealing. 


This  may  be  due  to  an  onset  of  molecular  motion  in  the 
crystalline  region  of  the  polymer  at  this  temperature. 
A  total  of  16  samples  for  each  of  the  two  thicknesses 
(i.e.  25  and  50um)  were  employed  in  the  present  work 
on  ageing. 

The  magnitude  of  d.^  was  measured  for  each  of 
these  32  samples  (after  snort  circuited  condition  for 
15  hours)  and  its  range  was  observed  to  be  from 
0.09pC/h  to  7.BPC/K  for  different  poling  (corona 
cnarge)  fields.  Figure  3  shows  typical  behaviour  of 
d^  as  s  function  of  the  poling  field  for  25  and  SOuc. 

thick  sanples.  It  may  be  noticed  (Figure  3)  that  tbe 
don-polar  (Form  2)  50pm  thick  sanples  show  comparably 
piezoelectric  response  at  highar  fields  (>1.3x10  Vm  ) 
to  that  of  the  polar  (Form  1)  25uc  thick  sanples.  It 
may  also  be  observed  that  the  non-polar  material  has 
very. little  piezoelectric  response  at  fields  less  than 
lxlCrVm"  .  The  non-polar  material  was  observed  to 
have  a  lower  electrical  breakdown  strength  than  that 
of  the  polar  and  the  reason  for  this  it  not  yet 
apparent . 

After  annealing  at  60°C  tbe  piezoelectric 
response  was  observed  to  decay  slightly  for  all 
sanples  and  this  may  be  due  to  tbe  onset  of  a 
molecular  motion  in  the  crystal lineortgioo  of  tbe 
Form  2  contents  which  occurs  at  ■'•70°t. 


2b 
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*  -  25  sample s( form  1  afid  ft>r  m  2  ) 


Fifure  3:  Behaviour  of  with  poling  field. 

Increasing  the  annealing  temperature  further 
reduced  the  magnitude  of  d_.  as  shown  in  Figure  4. 
Each  vertical  line  (downwards)  represents  the  decay  of 
djj  in  a  sanple,  (poled  at  a  particular  field  and 
after  annealing  at  increasing  tenpcratures) ,  in 
relation  to  the  original  pre-annealed  value.  It  nay 
be  observed  (Figure  g)  that  for  a  given  annealing 
temperature  all  points  lie  in  a  straight  line  which 
suggest*  that  the  piezoelectricity  in  all  the  saoples 
decay  in  the  sane  way  irrespective  of  the  poling 
temperature  anc  the  molecular  conformation.  Linear 
regression  has  been  applied  to  each  set  of  measured 
data  and  the  gradients  give  an  indication  of  the  decay 
of  piezoelectricity  (or  persistent  polarization)  after 
annealing  of  the  samples. 


Figure  5  is  a  plot  of  the  normalized  value  of 
d.j  at  a  function  of  annealing  temperature  and  it 
shows  that  approximately  half  the  activity  remains 
ever,  after  annealing  at  150  C.  It  may  be  mentioned 
that  with  conventionally  poleo  samples  Abkovit*  at 
al’B  observed  the  polarization  to  decay  markedly  at 
temperature  'tlOO°C. 

The  present  results  show  that  with  corona 
charging,  tin  poling  temperature  may  not  have 
noticeable  influence  on  the  rate  of  ageing.  This 
has  the  advantage  that  a  satisfactory  poling  may  be 
completed  m  PVFj  b\  corona  charging  at  ambient 
temperature  in  a  very  short  time.  As  the  behaviour 
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Figure  Si  Decay  of  (normal ized)  as  a  function 

of  annealing  temperature. 

of  the  decay  of  d^  in  both  25  (Form  1  and  Form  2 
cryatallitea)  and  SOpc  (Form  2  cryatallitea)  it 
aimilar  it  suggests  that  the  oechanisD  of . polariaation 
in  theae  two  materials  with  different  molecular 
conformation  may  alto  be  identical,  although  no  Form  1 
(110/200)  atructural  peak  vat  observed  with  the  poled 
SOum  thick  samples.  However,  a  recent  report**  shows 
the  evidence  of  the  presence  of  Form  1  crystallites 
after  corona  poling  of  PVFj  containing  Form  2 
structure.  Now  it  should  be  seated  that  each 
individual  chain  molecule  of  Form  2  has  a  dipole 
moment  normal  to  its  chain  amis,  although  the  chains 
pack  in  the  anti  polar  array  in  a  unit  call.  Thus  it 
may  be  expected  that  each  chain  may  experience  a  change 
in  orientation  due  to  the  poling  field,  giving  rise  to 
piezoelectricity  in  PVF;  even  in  the  absence  of  any 
Form  1  crystallites. 
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On  the  Nature  of  Poling  by  Corona  Charging  and 
the  Pyroelectric  Effect  in  PVF2 

DILIP  K.  DAS-GUPTA  and  KEVIN  DOUGHTY 


Abstract effect  of  corona  charging  (at  12.5  kV)  of  polyvinyl- 
idine  fluoride  (PVF2)  is  studied  by  infrared  spectroscopy  and  X-ray 
diffraction  techniques.  The  results  show  that  changes  in  molecular 
conformation  occur  with  such  a  poling  process  that  is  in  agreement 
with  Southgate.  The  pyroelectric  coefficient  was  observed  to  increase 
significantly  after  such  a  poling,  reaching  a  maximum  value  of 
'3  nC/cm2K  at  -343  K.  It  is  suggested  that  the  pyroelectricity  in 
PVFj  at  this  temperature  is  due  to  dipolar  orientation. 

I.  INTRODUCTION 

OLYVINYL1DENE  fluoride  (PVF2)  is  a  semicrystalline 
polymer  of  monomer  unit  CH2  =  CF2.  It  may  exist  in  at 
least  two  stable  forms  [  1 1 ,  i.e.,  planar  zigzag  polar  (0-form  or 
Form  1)  form  [2]  with  an  electric  dipole  moment  of  2.1  D3 
that  is  oriented  along  the  6-axis  (perpendicular  to  the  chain 
axis)  and  the  trans-gauche  trans-gauche  nonpolar  (a-form  or 
Form  2)  form  f4| .  The  0-form  has  an  orthorhombic  unit  cell 
with  a  space  group  Cm2m(C2l,14)  [5]  and  a  single  crystal  of 
this  form  will  exhibit  piezoelectric  effect  without  any  external 
poling.  Murayama  et  al.  [6]  shows  that  in  PVF2  film  contain¬ 
ing  both  a-  and  0-forms.  the  piezoelectric  response  increases 
with  increasing  0-form  content.  Murayama  and  Hashizumi  [7] 
further  observes  that  its  pyroelectric  response  is  also  related  to 
the  0-form.  It  is  established  that  the  piezoelectric  and  pyro¬ 
electric  responses  in  PVF2  may  be  enhanced  by  poling  of 
oriented  films  with  high  electric  field.  Oshiki  and  Fukada  [8] 
shows  that  a  significant  molecular  conformation,  i.e.,  a  conver¬ 
sion  from  a-form  to  0-form  may  take  place  on  stretching  and 
poling  of  PVF2  films  originally  containing  both  a-  and  0-forms. 
Latour  |4|  also  supports  this  observation  from  the  infrared 
and  Raman  spectroscopic  studies  of  poled  PVF2  films.  An 
orientation  of  the  0-form  crystallites  on  poling  was  observed 
by  Tamara  et  al  (10)  from  their  polarized  infrared  spectral 
studies,  and  this  is  also  supported  by  the  changes  in  the  X-ray 
pole  figures  due  to  Kepler  ( 1 1 1  for  unpoled  and  poled  samples. 
Shuford  et  al.  (12)  also  observed  that  increases  in  the  draw 
ratio  produces  increasing  conformal  changes  in  PVF2  from 
a-form  to  0-form,  thereby  increasing  its  piezoelectric  property. 
Southgate  (13)  reports  a  significant  reduction  of  the  infrared 
absorption  peaks  at  762  and  975  cm-1  (attributed  to  a-form) 
after  corona  charging  of  PVF2  films. 
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The  different  mechanisms  that  have  been  proposed  foi 
origin  of  piezo-  and  pyroelectricity  may  be  summarizei 
follows. 

i)  Dipolar  Orientation:  Only  the  crystalline  regions  of 
polymer  align  permanently  with  the  poling  field,  and  only 
component  of  the  chain  axis  that  lies  on  the  plane  of  the 
contributes  to  polarization.  This  view  is  supported  to  cer 
extent  by  the  X-ray  data  of  Kepler  etal.  [14] .  Hayakawa  e 

[15]  suggest  that  the  changes  in  polarization  of  the  I 
dipoles  about  the  C-C  backbone  due  to  the  poling  field  in 
direction  of  the  chain  axis  may  be  responsible  for  the  pit 
electric  effect  in  PVF2 

iij  Charge  Trapping:  Murayama  et  al.  [6]  and  Pfister  e. 

[16]  suggest  that  the  piezoelectricity  and  pyroelectricit) 
PVF2  may  originate  from  trapped  charge  (thermoelec 
behavior),  the  0-form  providing  the  trap  centers.  They  furt 
suggest  that  the  persistent  polarization  of  PVF2  electrets  c 
sists  of  a)  trapped  homocharge  (i.e.,  injected  holes)  and  b) 
heterocharge  that  appears  after  the  decay  of  the  homocha 
Finally,  Murayama  and  Hashizume  suggest  that  the  pie 
electricity  and  pyroelectricity  may  arise  from  the  same  | 
sistent  polarization. 

iiij  Electrostriction:  Oshiki  and  Fukada  [17]  suggest  t 
electrostriction  in  the  presence  of  a  residual  electric  field  i 
poled  sample  is  responsible  for  the  piezoelectricity  in  PV 
films. 

It  has  also  been  reported  by  Osaka  et  al.  [18]  that  whe 
static  electric  field  is  applied  to  PVF2  at  high  temperatui 
the  magnitude  of  e"  (the  imaginary  part  of  complex  pern 
tivity  e*)  decreases  quite  significantly.  They  attribute  this 
the  ionic  impurities  and  to  their  electrolysis  on  application 
a  dc  field. 

It  may  be  observed  from  the  above  discussion  that  there  : 
considerable  need  to  make  a  systematic  study  of  the  nati 
and  mechanism  of  poling  (both  macroscopic  and  microsco 
aspects)  and  their  relevance  to  the  piezoelectricity  and  py 
electricity  in  PVF2. 

These  considerations  provide  a  basis  of  the  present  progr 
of  work  with  corona  charged  PVF2  that  may  be  divided  ir 
three  parts  that  are  i)  studies  of  infrared  resonance  absorpti 
spectra,  ri)  studies  of  X-ray  diffraction  patterns,  and  lii)  py 
electric  current  Studies. 

Measurements  were  made  with  biaxially  oriented  16  and 
pm  thick  PVF2  films  (Kureha  Chemical  Industry  Compai 
Ltd.,  Japan).  The  pyroelectric  studies  were  made  at  a  chaml 
pressure  of  10~6  torr.  The  corona  charging  of  the  PVF2 
12.5  kV  was  carried  out  by  employing  a  similar  technique 
that  of  Southgate  [13]  using  a  high-energy  piezoelect 
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Before  corona  charging 
After  corona  charging 


Fig.  1.  Infrared  spectra  of  25  tim  thick  PVI  2  before  and  after  corona 
charging. 

corona  discharge  gun  (zerostat)  at  293  K.  The  magnitude  of 
the  charge  on  each  sample  and  that  of  the  corresponding 
polarization  produced  by  the  applied  field,  were  determined 
with  a  Field  M  il  type  electrostatic  voltmeter  and  a  Keithley 
electrometer  (type  602)  connected  across  a  series  0.1  (iF  mica 
capacitor. 

II.  STUDIES  OF  INFRARED  RESONANCE 
ABSORPTION  SPECTRA  OF  PVF2 
BEFORE  AND  AFTER  CORONA 
CHARGING 

AGrubb-Parsons  “spectromajor”  infrared  spectrometer  with 
a  polarizer  was  used  in  the  “double-beam”  mode  in  the  region 
I600-450cm-1.  The  preferred  orientation  of  the  samples  in 
relation  to  the  polarizer  of  the  spectrometor  was  determined 
initially  by  repeated  trials  and  inspection  of  the  spectra  in 
steps  of  10°  rotation  of  the  polarizer.  Fig.  1  shows  the  infrared 
spectra  of  25  pm  thick  PVF2  film  with  and  without  corona 
charging  from  which  it  may  be  noticed  that  the  absorption 
peak  amplitudes  at  530,  615, 760,  800,  and  975  cm-1  have  all 
been  reduced  after  corona  charging  at  room  temperature 
(~20°C).  These  vibrations  are  attributed  to  the  a-form  of  the 
polymers  and  have  been  ascribed  to  CF2(6)0,  CF2(wag), 
CF2(6),,  skeletal,  [or  Cll2  (rock), |  and  skeletal  modes,  respec¬ 
tively.  Here  the  standard  symbol  6  represents  “bending  in 
plant,"  and  the  subscripts  i  and  <>  identify  in-phrase  and  out- 
of-phase,  respectively.  These  results  are  in  agreement  with 
Southgate  [13),  except  that  unlike  his  spectra,  no  new  vibra¬ 
tional  peak  at  1155  cm  1  was  observed  after  corona  charging 
in  the  present  work.  It  should  be  noted  that  Southgate  [13| 
also  observed  an  increase  in  the  amplitude  of  the  vibrational 
peak  at  510  cm"1,  which  is  attributed  to  the  0-form,  after 
annealing  the  corona  charged  sample.  The  most  noticeable  re¬ 
duction  in  the  amplitude  of  a  vibrational  peak  after  corona 
charging  occurs  at  ~800  cm'1  in  the  present  work  (Fig.  1). 

A  possible  explanation  of  the  reductions  of  amplitudes  of 
some  of  the  vibrational  peaks  of  the  ot-form  (Fig.  1)  after 
corona  charging  may  be  as  follows.  If  the  C-C  bond  of  the 
a-form  is  allowed  to  relax  due  to  the  presence  of  a  high 
electrostatic  force  arising  from  the  surface  charges,  the  F-F 
repeat  distance  will  increase,  which  in  turn  may  reduce  the 


stearic  hindrance  of  the  fluorine  atoms.  This  will  allow  the 
fluorine  atoms  to  reorientate  to  a  structure  somewhat  re¬ 
sembling  the  0-form.  In  such  a  model,  there  will  be  an  in¬ 
crease  in  the  skeletal  repeat  distance  resulting  in  a  diminshed 
stearic  hindrance  of  the  C-F  unit  in  each  chain.  This  may 
cause  some  preferential  alignment  of  the  C-F  dipole  in  the 
electrostatic  field  resulting  in  a  structure  somewhat  akin  to  the 
0-form.  On  subsequent  annealing  of  the  sample,  further 
transition  towards  0-form  structure  may  be  enhanced,  which 
would  be  in  agreement  with  the  observation  of  Southgate 
(i.e.,  an  increase  in  the  amplitude  of  the  0-form  vibrational 
peak  at  510  cm-1  subsequent  to  corona  charging  and  an¬ 
nealing).  This  would  also  result  in  an  increase  in  density  of  the 
polymer  because  of  the  easier  packing  of  the  0-form  chains. 
However,  above  suggestions  should  be  treated  with  caution, 
and  further  work  is  necessary  to  determine  whether  changes  in 
the  skeletal  repeat  distance  is  due  to  changes  in  the  C-C  bond 
length  or  due  to  changes  in  the  C-C -C  interangle. 

III.  STUDIES  OF  X-RAY  DIFFRACTION  PATTERNS 
OF  PVF2  BEFORE  AND  AFTER 
CORONA  CHARGING 

A  study  of  changes  in  molecular  conformation  of  16/zm 
and  25  pm  thick  PVF2  films  due  to  corona  charging  using  a 
Philips  X-ray  diffractometer  type  PU  1025  is  reported.  Dif¬ 
fraction  patterns  were  obtained  with  test  samples  of  area  ~3 
cm2  for  Bragg  angles  (i.e.,  20-values)  between  16°  and  23° 
using  the  step  scanning  technique  and  Ni-filtered  Cu-Ka  radi¬ 
ation.  The  sample  was  then  corona  charged  at  room  tempera¬ 
ture  at  ±12.5  kV,  and  the  diffraction  pattern  was  obtained 
again  for  the  same  range  of  Bragg  angle  as  stated  above.  Figs. 
2  and  3  show  the  diffraction  patterns  for  the  16  and  25  jam 
thick  samples,  respectively,  and  Table  I  summarizes  the  results 
of  the  present  work,  and  in  addition,  it  provides  the  relevant 
crystallographic  data  of  PVF2  due  to  Hasegawa  et  al.  [5]  for 
the  purpose  of  comparison.  It  may  be  observed  from  Table  I 
that  the  discrepancies  between  the  0-values  in  this  paper  and 
those  of  Hasegawa  et  al.  [5]  do  not  produce  differences  in  the 
lattice  parameter  in  excess  of  2  percent,  although  no  internal 
standard  has  been  used  in  this  work.  The  positional  uncertainty 
of  20-values  associated  with  the  mounting  of  the  samples  in 
the  present  work  does  not  exceed  ±0.1°.  According  to  Kepler, 
the  structure  factor  due  to  (110)  peak  alone  in  the  composite 
0-form  peak  at  20  a  20.85°  is  ~4.6  times  greater  than  that  of 
its  other  component  (200)  peak.  This  peak  will  henceforth  be 
called  (110)  0-form  peak  in  this  paper. 

Fig.  2  shows  that  for  16  thick  sample  after  corona 
charging  the  (100)  and  (020)  a-form  peaks  are  very  signifi¬ 
cantly  reduced  or  are  almost  completely  removed.  This  was 
also  observed  for  the  25  /am  thick  sample  of  PVF2.  Further¬ 
more,  the  (110)  a-form  peak  was  considerable  reduced  after 
corona  charging  when  it  seemed  to  appear  as  a  shoulder  on  the 
lower  angle  side  of  the  (1 10)  0-form  peak  (Fig.  2).  This  may  be 
more  clearly  observed  in  Fig.  3  where  the  diffraction  patterns 
have  been  shown  for  a  restricted  range  of  20-values  for  the 
both  Figs.  2  and  3.  It  may  be  argued  that  corona  poling  has 
substantially  reduced  the  amounts  of  both  of  the  original  a 
and  0  phase  material  and  replaced  it  by  a  different  crystallite 
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Fig.  3.  X-ray  diffraction  spectra  of  25  pm  sample  of  PVF2  before  and 
after  corona  charging. 


TABLE  1 

SUMMARY  OF  X-RAY  DIFFRACTION  RESULTS  OF  PVF2  FILMS  BEFORE  AND  AFTER  CORONA  CHARGING 


Crystallographic 

Diffraction  data  (present  work) 

Sample 

data  due  to 
Hascgawa  et  al 

5 

Before  corona 
charging 

After 

corona  charging 

«  10_6») 

Br.gg 

angle 

28° 

Crystalline 

fora 

Crystallo¬ 

graphic 

plane 

Bragg  angle 

28° 

Area 

(arbitrary 

unite) 

Integral 

breadth 

(radians) 

Br.gg 

ugl. 

28° 

Area  Integral 

(arbitrary  breadth 
unite)  (radians) 

16 

17.9 

a 

(too) 

17.7 

11.2 

- 

17.7 

l 

18. A 

a 

(020) 

18.6 

3.4 

- 

18.4 

1 

20.1 

a 

(U0) 

20.0 

54.  S2 

0.00614 

19.4 

3.3 

20.85 

6 

Composite 

peak 

(110W200) 

20.7 

45.16 

0.00636 

20.16 

65.25  0.00883 

25 

20.1 

(UO) 

20.15 

76.5 

0.00448 

19.9 

11.2 

20.85 

Composite 

peak 

(110)*(200) 

20.9 

93.5 

0.00537 

20.6 

109.6  0.00866 

population.  Then,  since  the  1R  spectra  of  the  resulting  sample 
indicates  that  the  chains  are  primarily  in  a  planar  zigzag 
confirmation,  one  can  make  the  assumption  that  the  new 
diffraction  peaks  arise  from  a  distribution  of  small  distorted 
0  (or  y)  phase-like  crystallite.  It  may  also  be  observed  from 
Figs  2  and  3  and  Table  I  that  the  line  width  (i.e.,  integral 
breadth)  of  the  (110)  0-form  diffraction  profile  increases 
significantly  after  corona  charging  that  would  suggest  a  reduc¬ 
tion  of  the  0-form  crystallite  size  and/or  an  increase  in  the 
lattice  distortion. 

Finally,  the  peak  positions  (i.e.,  20-values)  and  the  (110) 
diffraction  profile,  in  particular,  0-form  peak  was  observed  to 
shift  after  corona  charging  to  a  lower  value  by  more  than  0.5° 
(Fig.  2)  which  is  well  outside  the  limit  of  the  positional  uncer¬ 
tainty  in  the  present  work.  Such  a  shift  would  correspond  to 
an  increase  in  the  interplanar  separation  of  over  3  percent 
that  would  be  compatible  with  the  observations  in  the  infrared 
spectra  in  Section  II. 

Laue  Photographs:  Confirmation  of  molecular  structural 
changes  due  to  corona  charging  were  also  obtained  from  flat 


film  X-ray  photographs  of  25  pm  thick  PVF2  samples  using  a 
Laue-type  X-ray  transmission  camera  (Figs.  4  and  5).  Due  to 
the  large  difference  in  intensity,  each  photograph  is  split  into 
two  parts,  each  half  receiving  a  different  exposure  time  to  ob¬ 
tain  a  good  resolution.  From  a  knowledge  of  the  sample  to 
film  distance  £>,  the  crystallographic  planes  were  identified  by 
measuring  the  radii  of  the  rings  r  in  Figs.  4  and  5  and  using  the 
following  relationships : 

X=2  dhki  sin  0  (1) 

and 

20  =  arc  tan  r/D  (2) 

where  X  is  the  wavelength  of  the  X-ray  (=  1 .54  A)  and  other 
symbols  have  their  usual  meanings. 

Table  II  summarizes  the  results  of  these  observations  for 
both  Figs.  4  (before  corona  charging)  and  5  (after  corona 
charging).  The  most  noticeable  features  of  the  Laue  photo¬ 
graph  after  corona  charging  (Fig.  5,  Table  I)  are  u  follows: 


DAS  GUPTA  AND  DOUGHTY:  POLING  BY  CORONA  CHARGING  EFFECT  IN  PVFj 


Fig.  4.  Laue  transmission  (X-ray)  pattern  for  PVF2  before  corona 
charging. 


Fig.  5. 


Laue  transmission  pattern  (X-ray)  pattern  for  PVF2  after 
corona  charging. 


TABLE  II 

SUMMARY  OF  OBSERVED  LAUE  DIFFRACTION  PATTERNS  OF  PVF2  FILMS 
BEFORE  AND  AFTER  CORONA  CHARGING 


Radius 
of  rings 
cms 

2«'3 

dhkl 

spacing 

Crystalline 

fora 

Crystallo¬ 

graphic 

plants 

Intensity 
(before  corona 
charging 
Figure  4) 

Intensity 
(after  corona 
charging. 

Figure  5) 

3.275 

18.5 

*.79 

a 

020 

Very  atrong 

Strong 

3.65 

20.4 

4.35 

a 

no 

Strong 

Absent 

3,75 

20.9 

4.24 

8 

aio).(roo) 

Strong 

Very  strong 

•a.V 

26.6 

1.  15 

a 

02  J 

Strong 

Fairly  strong 

5.15 

27.7 

>•••’ 

a 

111 

Very  weak 

Absent 

6.15 

32.1 

2.79 

a 

121 

Weak 

Absent 

6. (.5 

13.3 

2.69 

a 

130 

Weak 

Weak 

7.25 

36.5 

2.46 

B 

Oio).(oro) 

Absent 

Week 

7.9 

10.9 

2.11 

a 

131 

Weak 

Week 

8. 70 

41.6 

2.17 

a 

140 

Weak 

Week 

i)  the  disappearance  of  the  a(110)  o-form  ring  that  is  in 
agreement  with  X-ray  diffraction  patterns  in  Figs.  2  and 
3, 

ii)  fall  in  intensity  of  other  a-form  rings, 

iii)  appearance  of  ?n  extra  ring  that  may  be  ascribed  to  a 
composite  (5-form  ring  due  to  (310)  and  (020)  planes. 

These  results  further  verify  the  previous  observations  that 
significant  changes  in  the  molecular  conformation  of  PVF2 
films  occur  on  corona  charging. 

Further  work  is  in  progress  at  present  to  determine  quanti¬ 
tatively,  using  an  internal  standard,  the  crystallite  size  and 
orientations,  and  lattice  distortions  after  corona  charging  and 
their  effects  on  the  pyroelectricity  and  piezoelectricity  in 
PVFa  films. 


IV.  MEASUREMENT  OF  PYROELECTRIC 
COEFFICIENT  OF  PVF2 
AFTER  POLING 

The  pyroelectric  coefficient  p  is  the  change  in  internal 
polarization  of  a  dielectric  material  with  temperature  T  and 
may  be  expressed  as 


where  A  and  Q  represent  electrode  area  and  charge,  respec¬ 
tively.  The  direct  and  probably  the  most  accurate  method  of 
determining  the  pyroelectric  coefficient  is  to  measure  the 
short  circuited  current  through  a  pyroelectric  material  at  a 
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constant  rate  of  change  in  temperature.  The  pyroelectric 
current  density  Jpyr0  is  given  by 

dT 

Jpyto  =P  — ■  (4) 

Thus  a  plot  of  J97t0  versus  T  gives  directly  the  pyroelectric 
coefficient.  Equation  (2)  also  shows  that 

dT 

•Jpyro  ~  0,  ^  ~  0- 

Hence  any  current  measured  at  a  constant  temperature  would 
contribute  erroneously  to  the  evaulation  of  the  pyroelectric 
coefficient  p,  and  this  must  be  eliminated.  In  the  direct 
method  determination  of  the  pyroelectric  coefficient,  p  is 
made  by  measuring  the  short  circuited  current  that  flows  from 
one  electrode  to  the  other  for  a  constant  rate  of  change  in 
temperature.  This  method  has  been  employed  with  PVF2  films 
that  were  poled  by  two  separate  methods,  i.e.,i)  by  subjecting 
the  sample  to  a  strong  dc  field  at  elevated  temperature  and 
then  slowly  cooling  with  the  applied  field  to  298  K  and  ii) 
by  corona  charging  at  12.5  kV  at  room  temperature.  All 
pyroelectric  current  measurements  were  made  at  a  chamber 
pressure  of  <10~8  torr. 

Method  1,  Poling  by  a  dc  Field:  Two  measuring  electrodes 
of  gold  were  evaporated  across  each  sample  of  25  pm  thickness. 
The  electrode  thickness  and  area  were  ~250  A  and  2  cm2. 
Each  sample  was  also  provided  with  an  evaporated  gold  guard 
ring  electrode  to  minimize  the  surface  currents.  The  sample 
was  conditioned  in  the  measuring  vacuum  chamber  by  heating 
it  in  the  short  circuited  condition  to  383  K.  The  temperature 
was  then  lowered  to  the  desired  poling  temperature.  At  each 
appropriate  poling  temperature,  the  short  circuit  was  removed, 
and  the  poling  electric  field  of  107Vm-1  was  applied  to  the 
sample  that  was  then  slowly  cooled  to  298  K.  The  sample  was 
then  short  circuited  again,  and  the  discharge  current  was  mon¬ 
itored  for  103  s  at  this  constant  temperature  (i.e.,  298  K). 
Such  a  procedure  obviously  has  the  advantage  of  reducing  the 
nonpyroelectric  irreversible  component  from  the  intended 
measurement  of  the  reversible  pyroelectric  current.  The  tem¬ 
perature  was  then  raised  at  a  rate  of  5°/10  min  until  the  poling 
temperature  was  reached.  The  short  circuited  sample  was  then 
cooled  again  to  298  K  and  reheated  to  the  poling  temperature 
at  the  same  rate  mentioned  above  (second  cycle).  The  pyro¬ 
electric  coefficient  was  obtained  from  the  data  provided  by 
the  third  cyclic  operation  for  each  polinj  temperature.  In  Fig. 
6,  curve  B  shows  the  magnitudes  of  the  pyroelectric  coef¬ 
ficients  measured  at  respective  poling  temperatures  from 
which  it  may  be  observed  that  the  pyroelectric  coefficient 
rises  sharply  at  poling  temperatures  >323  K,  reaching  a 
maximum  value  of  1 .9  nC/cm2K  at  ~343.  At  poling  tempera¬ 
tures  in  excess  of  353  K,  the  pyroelectric  coefficient  was 
observed  to  decrease  slightly.  Similar  behavior  of  the  pyrelec- 
trie  coefficient  was  also  observed  by  Burkard  and  Pfister 
(20).  It  may  be  of  interest  to  note  that  Shuford  et  al.  [12] 
and  Tamura  et  al.  (21)  also  observed  a  similar  temperature 
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Fig.  6.  Pyroelectric  coefficient  of  25  nm  thick  PVFj. 


dependence  of  the  piezoelectric  constant  in  oriented  and 
poled  (by  dc  field)  PVF2.  It  should  be  noted  that  FVF2  has 
a  structural  relaxation  peak  at  ~343  K  due  to  a  molecular 
motion  in  the  crystalline  region  [22].  Thus  the  observed 
increase  in  the  magnitude  of  the  pyroelectric  coefficient  in 
PVF2  with  poling  temperature  in  the  range  303-383  K  may 
probably  be  related  to  the  molecular  motions  in  the  crystal¬ 
line  phase  enabling  the  orientation  of  the  CF2  dipoles  with 
the  poling  field  at  350  K.  As  the  temperature  is  lowered, 

Method  2,  Poling  by  Corona  Charging:  The  sample  was 
charged  at  ±12.5  kV  at  room  temperature  with  an  earthed 
silver  electrode  and  following  a  procedure  similar  to  that  of 
Southgate  [13] .  A  second  silver  electrode  was  then  painted  on 
the  other  face  of  the  sample  before  locating  it  in  the  vacuum 
chamber.  The  cyclic  method  extending  over  three  cycles,  as 
described  in  the  previous  method,  was  again  employed  for  the 
measurement  of  the  pyroelectric  current,  except  in  the  present 
case  the  highest  temperature  was  restricted  to  353  K. 

Fig.  6,  curve  A  shows  the  behavior  of  the  pyroelectric 
coefficient  with  temperature  in  the  range  278-353  K.  after 
corona  charging  at  room  temperature.  It  may  be  noticed  that 
the  pyroelectric  coefficient  has  been  much  enhanced  by 
poling  the  sample  with  corona  charging,  reaching  a  max¬ 
imum  value  of  ~3  nC/cm2K  at  ~343  K.  However,  in  this 
case,  the  pyroelectric  coefficient  has  an  appreciable  magni¬ 
tude  (~1 .8  nC/cm2K)  even  at  temperatures  lower  than  283  K. 
It  may  be  mentioned  that  the  polarization  achieved  by  corona 
charging  in  the  present  case  reached  a  magnitude  of  ~2  X 
10_5C  cm-2,  which,  according  to  Southgate  [13] ,  is  suffic¬ 
ient  to  align  all  the  dipoles  of  the  0-phase .  The  considerable 
electrostatic  pressure  (~30  atmosphere  in  the  present  case) 
has  a  similar  effect  as  making  the  sample  oriented,  which  in 
turn  enhances  the  reversible  pyroelectricity  in  PVF2. 

Further  work  is  in  progress  to  study  the  pyroelectric  and 
piezoelectric  behavior  of  PVF2  after  corona  charging  at  dif¬ 
ferent  temperatures. 

IV.  CONCLUSIONS 

Measurements  of  i)  infrared  absorption  and  ii)  X-diffraction 
patterns  by  PVF2  films  show  that  changes  in  molecular  con¬ 
formation  (i.e.,  a-form  to  0-form)  occur  on  poling  by  corona 
charging.  The  magnitude  of  the  reversible  pyroelectric  coeffi¬ 
cient  is  enhanced  by  this  process.  It  is  suggested  that  the 
observed  pyroelectricity,  at  temperatures  at  least  up  to  385  K, 
is  due  to  dipolar  orientations. 
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Pyroelectricity  in  polyvinylidene  fluoride 
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The  magnitude  of  the  pyroelectric  coefficient  in  polyvinylidene  fluoride  was  observed  to 
increase  significantly  on  maintaining  the  poling  field  while  cooling  the  samples  from 
elevated  poling  temperatures  to  ambient  temperature.  The  results  of  the  measurement  of 
the  depolarization  currents  with  repeated  thermal  cycling  of  poled  specimens  from 
temperatures  well  above  that  of  poling  conditions  to  30‘C  suggest  that  dipolar 
reorientations  may  be  responsible  for  the  pyroelectricity  in  PVF2.  These  observations 
hold  for  both  the  conventional  poling  and  the  corona  charging  of  PVF2  films,  originally 
containing  form  1  and  form  2  crystallites. 

PACS  numbers:  77.70.  +  a 


Piezoelectricity  and  pyroelectricity  may  be  significant¬ 
ly  enhanced  in  several  polymers'-1  following  an  application 
of  high  electrical  stress  at  an  elevated  temperature  for  an 
extended  period  of  time  and  finally  cooling  the  polymer  to 
room  temperature  without  removing  the  field  (i.e.,  conven¬ 
tional  poling  technique).  Of  the  pyroelectric  polymers  avail¬ 
able,  polyvinylidene  fluoride  (PVF,)  is  of  particular  interest 
because  of  the  comparatively  large  pyroelectric  response 
which  may  be  obtained  from  it  after  suitable  poling.  A  PVF2 
electret  may  be  used  as  an  optical  detector  for  infrared  radi¬ 
ations.4"*  PVFj  is  a  semicrystalline  polymer  which  may  exist 
in  at  least  two  stable  forms,7  viz.,  a  planar  zigzag  polar  form 
(form  1  or/?  form)  and  the  nonpolar  form  (form  2  of  a  form) 
with  T-G-T-G'  conformation.  It  has  been  shown*  that  the 
piezoelectric  response  of  PVF,  increases  with  increasing 
form  1  contents  with  the  same  poling  conditions.  It  has  also 
been  suggested  that  the  piezoelectric  and  pyroelectric  coeffi¬ 
cients  in  PVF)  are  linearly  related  with  each  other’ 10  for 
identical  poling  conditions.  The  piezoelectric  properties  of 
PVF)  and  the  nature  of  their  origin  have  been  reviewed  by 
Wada  and  Hay  aka  wa."  It  has  been  shown  that  a  significant 
change  in  molecular  structure  from  form  2  to  form  1  may 
occur  in  PVF:,1114  originally  containing  both  the  forms,  after 
corona  charging.  The  present  work  reports  the  results  of  a 
study  of  the  pyroelectric  behavior  of  25-/im-thick  PVF,  films 
after  (i)  conventional  poling  and  (ii)  corona  charging.  The 
polymer  films  were  kindly  porovided  by  the  Kureha  Chemi¬ 
cal  Co.  Ltd.  of  Japan. 

For  conventional  poling,  gold  electrodes  2.5  cm  in  di¬ 
ameter  and  250  A  thick  were  vacuum  deposited  on  the  two 
surfaces  of  each  sample.  Prior  to  poling,  the  sample  was  con¬ 
ditioned  at  a  constant  temperature  of  1 10  *C  for  1 2  h  with  its 
electrodes  short  circuited,  at  a  chamber  pressure  of  <  10"’ 
Torr.  The  poling  was  also  earned  out  at  this  chamber  pres¬ 
sure,  the  variable  parameters  being  electric  field,  time,  and 
temperature. 

For  corona  poling  an  aluminum  electrode  was  vacuum 
deposited  on  one  surface  of  each  sample,  the  metallized  sur¬ 
face  being  in  contact  with  an  earthed  copper  plate  which  was 
maintained  at  a  constant  temperat  ure  of  1 8  *C.  A  micromesh 
control  grid  was  introduced  between  the  nonmetallized  sur¬ 


face  of  the  polymer  and  the  corona  tip  which  was  connected 
to  an  adjustable  and  stabilized  E.H.T.  supply.  The  control 
grid  was  connected  to  a  similar  but  separate  E.H.T.  supply 
which  was  maintained  at  a  potential  of  3  kV  below  that  of  the 
corona  point.  Positive  charges  were  deposited  on  the  nonme¬ 
tallized  surface  of  the  polymer,  the  surface  potential  being 
monitored  continuoully  with  a  Field-Mill-type  electrostatic 
voltmeter.  A  second  aluminum  electrode  was  then  vacuum 
deposited  on  the  nonmetallized  surface  of  the  corona-poled 
sample.  All  pyroelectric  measurements  were  made  at  a 
chamber  pressure  of  <  10“’  Torr.  Each  poled  sample  (con¬ 
ventional  and  corona  poling)  was  short-circuited  in  theevac- 
uated  measurement  chamber  and  heated  to  90  *C  for  >2  h, 
after  which  the  sample  was  cooled  to  room  temperature. 
This  first  thermal  run  may  be  called  a  depolarization  or  irre¬ 
versible  cycle  and  is  a  measure  of  the  absorbed  charge  during 
the  poling  process.  All  subsequent  thermal  cycles,  i.e.,  heat¬ 
ing  the  short-circuited  samples  at  a  constant  rate  to  a  desired 
temperature  and  subsequent  cooling  to  room  temperature, 
were  observed  to  produce  “reversible”  or  “true  pyroelectric 
current”. 101,14  Such  pyroelectric  currents  have  been  ob¬ 
served  with  form  1 17  type  PVF,  and  also  in  specimens  con¬ 
taining  form  1  and  form  2  crystallites.1*  The  pyroelectric 
coefficient  p  was  calculated  from  the  observed  short-circuit¬ 
ed  current  /,  using 


_dQ  =  ±dQdt_=z  —I  — 
A  dT  A  dt  dT  A  df 


where  A  is  the  area  of  the  electrode  and  dT/dt  if  the  rate  of 
rise  in  temperature,  which  was  2  *C/min  in  the  present  work. 

Figure  1  shows  the  typical  behavior  of  the  reversible 
pyroelectric  coefficient  of  PVF,  with  temperature  after  con¬ 
ventional  poling  at  80  *C  with  a  poling  field  of  9  X  i0’  V  m"' 
for  a  poling  time  of  104  s.  The  pyroelectric  coefficient  was 
observed  to  be  repeatable  up  to  ~90  *C.  It  may  be  noted 
from  Fig.  1  that  on  maintaining  the  poling  field  during  the 
cooling  of  the  sample  ( — 20  min)  to  room  temperature,  the 
magnitude  of  the  pyroelectric  coefficient  was  enhanced  sig¬ 
nificantly  by  —65%.  This  is  in  disagreement  with  Blevin1*; 
however,  it  may  be  stated  that  the  relative  difference  in  the 
magnitudes  of  the  pyroelectric  currents  in  the  two  cases  (Fig. 
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FIC.  I.  Pyroelectric coefficient/temperature  characteristic  for  25/jm-thick 
PVFf  with  conventional  poling.  The  poling  parameters  are  Ep=9x  10’ 

V  m  ‘,  T,=80  *C,  and  /,=  10-  s. 
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FIG.  2.  Pyroelectric  coefficient/temperature  behavioir  for  25  /zm-thick 
PVF,  with  t  hernial  cycling  above  the  poling  temperature  (conventional  pol 
ing  case).  The  poling  parameters  are  as  stated  in  Fig.  1 . 


1)  was  observed  to  be  progressively  less  pronounced  with  the 
increase  in  the  poling  temperature  from  60  to  80  *C.  The 
polarity  of  the  short-circuited  pyroelectric  current  was 
found  to  be  opposite  to  that  of  the  charging  current  during 
the  poling  process.  Furthermore,  the  pyroelectric  coefficient 
was  observed  to  be  of  opposite  polarity  to  that  of  the  piezo¬ 
electric  strain  coefficient20  d„.  In  this  respect,’  the  origin  of 
the  pyroelectricity  in  PVF,  may  be  attributed  to  a  mecha¬ 
nism  of  dipolar  orientation  rather  than  that  of  an  asymmetri¬ 
cal  distribution  of  true  charges.  The  spontaneous  polariza¬ 
tion  P,  of  the  form  1  crystal  of  PVF,  is  stated"  to  be  13 
/xC/cm2.  An  integration  of  the  liberated  charges  during  a . 
pyroelectric  measurement  after  the  first  thermal  cycling 
yields  a  value  of  —0.6  fiC/ cm2  for  the  residual  polarization 
Pr  in  the  present  work.  This  value  is  —  5%  of  the  magnitude 
of  P,  for  the  form  1  crystal.  A  similar  value  of  Pr  was  also 
observed  by  Oshiki  and  Fukada21  who  found  it  tp  be  repro¬ 
ducible  after  the  first  thermal  cycle.  The  polarization  P,  in¬ 
duced  in  a  material  with  a  dilute  assembly  of  rotating  dipoles 
due  to  a  poling  field  Ep  at  a  poling  temperature  may  be 
given  by 

P^N^E/ikT^  (2) 

where  N  is  the  density  of  dipoles,  fi  is  the  dipole  moment,  and 
k  is  Boltzmann’s  constant.  This  model  assumes  perfect  crys¬ 
tallinity  and  a  complete  alignment  of  all  the  dipoles  along  the 
poling  field.  Assuming  N  =  1.8  X  lO’Vcm’,  /x=2.1  D, 

Er= 9X 10*  V  cm'1,  and  Tp=80  *C  for  the  present  case,  P 
appears  to  be  ~0.5/xC/cm2,  which  is  in  agreement  with  the 
magnitude  of  /*,  and  with  Lines  and  Glass.12  However,  this 
agreement  may  be  essentially  fortuitous  as  Eq.  (2)  is  strictly 
not  applicable  to  the  present  case,  i.e.,  a  condensed  phase 
with  an  inherent  strong  coupling  between  the  dipoles  along 
the  chain,  together  with  the  associated  electrical  and  me¬ 
chanical  interactions  with  adjacent  chains.  Partial  orienta¬ 
tion  of  the  CFt  group  in  a  form  1  crystallite2’  and  minor 
changes  in  the  x-ray  pole  figure24  along  the  direction  of  the 
external  electrical  stress  have  been  reported.  Conforma¬ 
tional  changes  from  form  2  to  form  1,  induced  by  corona 
charging,  have  also  been  reported11”'20-2’  for  PVF„  original¬ 
ly  containing  both  the  forms.  It  may,  however,  be  stated  that 
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a  contribution  to  the  polarization  in  PVF,  may  also  arise  due 
to  charges  injected  by  the  electrodes  during  the  poling.” 

In  order  to  investigate  the  behavior  of  pyroelectricity 
on  heating  of  the  sample  to  temperatures  higher  than  that  at 
which  the  specimens  were  poled,  a  method  of  thermal  clean¬ 
ing14  was  employed.  The  short-circuited  poled  sample  was 
heated  from  30  *C  to  temperatures  above  80  ‘C  in  steps  of 
10  ’C  for  successive  thermal  cycles.  Figure  2  shows  the  be¬ 
havior  of  the  pyroelectric  coefficient  with  repeated  thermal 
cycling  to  higher  temperatures  after  the  initial  cycle  (not 
shown  in  Fig.  2).  Unlike  the  results  of  Murayama  and  Hashi- 
zumi,10  no  peak  was  observed  in  the  magnitude  of  the  pyroe¬ 
lectric  current  during  the  thermal  cycling.  However,  it 
should  be  pointed  out  that  the  samples  used  in  the  present 
work  contained  both  forms  in  contrast  to  only  form  1  con¬ 
tent  employed  by  Murayama  and  Hashizumi.10  It  may  be 
observed(Fog.  2)  that  the  pyroelectricity  in  PVF,  shows 
good  stability  with  no  decay  below  90  °C  whereupon  it  starts 
to  decay.  Repeated  thermal  cycling  between  25  and  100  °C  in 
the  TSC  measurements  due  to  Abkowitz  and  Pfister2’  also 
shows  a  reduction  of  space  charge  in  PVF,.  Furthermore, 
Van  Tumhout1'1’  indicates  that  space  charges  may  be  re¬ 
leased  at  temperatures  greater  than  the  dipolar  relaxation 
maxima.  In  this  respect  it  is  of  interest  to  note  that  the  struc¬ 
tural  relaxation  temperatures  due  to  molecular  motions  in 
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FIG.  3.  Pyroelectric  coefficient/temperature  characteristic  for  25/jm-thick 
PVF,  with  corona  poling.  The  poling  parameters  are  £,—2.Sx  10*  V  m"1. 
F,=  100  4C,  and*,- 300  a. 
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the  crystalline  regions  (i.e.,ac)  are  ~70  “C  (form  2  crystal) 
and  1 10-130  *C  (form  1  crystallites).’0  These  observations 
may  suggest  that  at  least  two  mechanisms  may  be  responsi¬ 
ble  for  the  pyroelectricity  in  PVFj,  both  of  which  contribute 
to  the  stable  and  reversible  pyroelectric  coefficient  up  to  a 
temperature  of  ~  90  *C,  above  which  one  of  the  mechanisms 
(i.e.,  space  charge)  may  decay.  For  the  stable  component  of 
the  pyroelectric  current  a  dipolar  reorientation  in  the  molec¬ 
ular  chains  producing  a  change  in  the  structural  conforma¬ 
tion  in  PVF2  may  be  the  dominant  mechanism. 

Figure  3  shows  the  behavior  of  the  pyroelectric  coeffi¬ 
cient  with  temperature  in  corona-charged  PVF2  films.  An 
increase  of  ~  33%  in  the  magnitude  of p  was  observed  in  this 
case  when  the  specimen  was  cooled  in  the  presence  of  the 
corona  poling  field.  We  suggest  that  the  greatest  advantage 
of  corona  poling  seems  to  be  the  ability  to  exert  larger  fields 
at  high  temperatures  in  comparison  with  conventional  pol¬ 
ing,  thus  enhancing  the  magnitude  of  the  internal  polariza¬ 
tion  and  hence  that  of  the  pyroelectric  coefficient  (see  Figs.  1 
and  3).  It  was  also  observed  that  the  poling  time  may  be 
significantly  reduced  with  corona  poling.  The  exact  reasons 
for  these  virtues  with  corona  poling  are  yet  to  be  understood. 
However,  because  of  the  similarity  in  the  nature  of  variation 
of  the  pyroelectric  coefficient  in  the  two  cases  (Figs.  1  and  3), 
it  is  suggested  that  corona  poling  does  not  induce  any  addi¬ 
tional  or  different  mechanisms  in  PVF2  to  those  suggested 
for  the  conventional  poling.  It  should  also  be  mentioned  that 
the  results  with  the  repeated  thermal  cycling  of  PVF2  films 
which  were  corona  charged  at  20  °C  showed  no  decay  of  the 
pyroelectric  coefficient  up  to  a  temperature  of  ~  90  °C. 

Further  work  is  in  progress  with  the  measurement  of 
the  pyroelectric  coefficient  using  a  dynamic  method  with  a 
modulated  laser  beam  in  which  a  fast  heating  rate  is  being 
employed. 

This  work  is  being  supported  by  a  research  grant  for  the 
U.S.  Army.  The  authors  would  like  to  thank  K.  Doughty  for 
useful  discussions  and  also  for  poling  the  specimens  by  cor¬ 
ona  charging  during  the  progress  of  this  work. 
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The  pyroelectric  responses  of  conventionally  poled  films  of  polyvinylidene  fluoride  to  a  step  input 
of  radiation  have  been  analyzed  and  shown  to  be  well  described  by  the  superposition  of  two 
decaying  exponentials  governed  by  the  thermal  and  the  electrical  time  constants  of  the  system 
respectively.  The  peak  response  of  the  pyroelectric  current  transient  was  observed  to  be 
proportional  to  both  the  pyroelectric  coefficient  d}l  for  PVF;  films  of  25*tm  thickness  so  that  the 
peak  current  response  curve  may  be  used  to  evaluate p(T)  and  dit. 
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INTRODUCTION 

Pyroelectricity  may  be  manifested  in  principle,  in  any 
material  with  any  one  of  the  following  ten  structural  space 
groups,' :  C„  C4,  C4, .  C„.  C„, ,  C2,  C2, ,  C„  and  Cit  .  Polyvi¬ 
nylidene  fluoride  (PVFj)  may  possess  simultaneously  two 
Stable  structural  forms,  viz.,  polar  zig-zag  Form  1  09- 
fonm)’ 4  and  nonpolar  Form  2  (a-form)'  with  C2,  and  Cu 
space  groups  respectively.  It  is  now  well  established  that 
piezo-  and  pyroelectricity  in  may  be  induced  in  both  Form  1 
and  Form  2  of  this  polymer  by  subjecting  it  to  a  suitable 
external  field  at  an  elevated  temperature  for  an  extended 
period  of  time  (i.e.,  conventional  poling)  or  by  corona  poten¬ 
tial  at  high  values  of  surface  potentials  at  ordinary  or  even 
low  temperatures  Besides  dipolar  orientations  there  are 
three  other  possible  origins  of  polarization  in  a  polymer  elec- 
tret.  These  are  (i)  charge  injected  from  the  poling  electrodes; 
(ii)  charge  separation  in  the  material  over  microscopic  dis¬ 
tances;  and  (iii)  charge  separation  on  a  molecular  scale. 

The  first  of  these  charges  is  known  as  homocharge  be¬ 
cause  the  polarity  of  the  injected  charge  is  the  same  as  that  of 
the  injecting  electrode  The  other  two  mechanisms,  together 
with  the  dipolar  orientations,  give  rise  to  heteroebarge.  It 
may  be  shown’  that  the  pyro-  and  piezoelectric  responses  of 
polymers  may  exhibit  the  same  polarity  if  they  arise  from  an 
asymmetric  distribution  of  space  charge  in  the  bulk.  Con¬ 
versely,  should  the  origin  of  these  two  phenomena  be  of  di¬ 
polar  nature,  the  polarities  of  the  respective  signals  will  be 
dissimilar.  Pfistereto/ ’suggested  that  the  dominant  mecha¬ 
nism  of  pyroelectricity  in  PVF:,  after  short  poling  time,  is 
charge  injection  whereas  with  long  poling  time,  the  dipoles 
orientation  also  makes  an  additional  contribution  Recent 
work  shows  that  the  piezo-  and  pyroelectricity,  induced  on 
poling  of  PVF;  films  of  Form  2  structure,  may  originate 
from  a  change  in  symmetry  from  CJ(,  to  a  polar  form  of  C:, 
type  arising  of  rotations  of  the  crystal  a  and  b  axes  through 
90*  around  the  c  axis  (carbon-carbon  axis).  In  Form  1  type 
structure,  on  the  other  hand,  these  two  phenomena  may 
originate  from  a  preferential  alignment  and  a  change  in  the 
molecular  axes  of  the  crystallites  on  suitable  pohng 

The  pyroelectric  response  of  a  material  may  be  deter¬ 
mined  by  three  methods,  viz.,  (i)  the  direct  method.'*  which 


is  perhaps  the  most  accurate  technique;  (ii)  the  dynamic 
method  ‘^'"of  using  interrupted  thermal  radiations,  and  (iii ) 
the  charge  integration  method10  which  is  perhaps  the  least 
attractive  technique  in  which  the  measured  current  may  also 
include  additional  components,  i.e.,  thermoelectric  current. 
It  has  been  shown  that15  the  measured  data  of  the  dynamic 
method  may  be  calibrated  against  those  of  the  direct  method 
to  provide  a  satisfactory  technique  for  determining  the  suit¬ 
ability  of  v  arious  target  materials  for  use  in  pyroelectric 
detectors. 

In  a  recent  paper  the  results  of  a  study  of  the  pyroelec¬ 
tric  behavior  of  PVF2,  using  the  direct  method,15  have  been 
reported.  The  present  work  is  a  continuation  of  this  study  in 
which  both  the  direct  and  the  dynamic  methods  have  been 
employed  to  study  the  pyroelectric  response  of  PVF,.  Fur¬ 
thermore,  the  piezoelectric  response  of  this  polymer  has  also 
been  measured  in  this  work  for  poling  conditions  which  w  ere 
identical  for  the  pyroelectric  study. 

EXPERIMENTAL  TECHNIQUE  AND  RESULTS 

Biaxially  stretched  PVFj  films  of  25  jzm  thickness,  con¬ 
taining  both  Form  1  and  Form  2  crystallites  were  used  in  this 
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FIG  1  Pyrociectnc  transient  response  of  PVF? 


work.  The  films  were  provided  by  the  Kureha  Chemical  In¬ 
dustries  Co.  Ltd.  of  Japan.  Evaporated  aluminium  elec¬ 
trodes  of  500  A  thickness  and  1 .6  cm2  in  area,  were  employed 
for  the  conventional  poling  of  the  polymer  at  room  tempera¬ 
ture,  the  range  of  the  poling  field  being  8  X 107-2  X  10* 

V  cm'1.  A  Brandenburg-type  470  high  stability  photomulti¬ 
plier  EHT  supply  was  used  for  poling  the  samples.  For  the 
dynamic  measurement  of  the  pyroelectric  current  a  Specira- 
Physics  He-Ne  laser  (Model  1 33)  with  a  wavelength  of  632.8 
nm  was  employed.  The  output  power  from  the  laser  was 
measured  with  a  Hilger  and  Watts  thermopile  (Model  FT 
16.1/696)  and  was  observed  to  be  0.94  mW,  The  divergence 
angle  of  the  laser  beam  was  0.063*  which  indicates  a  good 
col’unation  of  the  beam.  The  poled  specimen  (electret)  was 
mounted  on  a  heat-sinked  sample  holder  with  x-y  vernier 
adjustments  so  that  the  laser  beam  impinged  as  near  as  possi¬ 
ble  to  the  center  of  the  electrode.  The  back  electrode  w  as 
earthed  to  the  heat  sink.  The  response  due  to  a  step  pulse  was 
fed  to  a  storage  oscilloscope  via  a  Keithley  electrometer.  The 
responses  obtained  were  found  to  be  repeatable  to  an  accura¬ 
cy  better  than  3%.  The  diameter  of  the  laser  beam  on  the 
sample  was  ~  2.5  mm. 

Figure  1  shows  a  typical  pyroelectric  response  to  a  step 
input  of  the  incident  radiations  Such  responses  were  ob¬ 
tained  after  eliminating  the  irreversible  pyroelectric  compo¬ 
nents  (i.e.,  to  applied  space  charges)  by  thermal  cycling  (up 
to  80  *C)  of  the  poled  samples. 

The  pyroelectric  coefficient  p  was  measured  using  the 
direct  method  and  the  experimental  details  were  identical  to 
those  described  before.21  Figure  2  shows  a  typical  set  of  re¬ 
sults  indicating  the  behavior  of  the  reversible  pyroelectric 
response  in  the  temperature  range  of  1 8-38  *C.  The  piezo¬ 
electric  coefficient  dn  w  as  measured  as  a  function  of  poling 
field  using  a  conventional  technique  of  the  release  of  a  fixed 
weight  at  a  constant  temperature  and  the  experimental  de¬ 
tails  were  identical  to  those  described  in  an  earlier  work.4  In 
Fig.  3  the  results  of  the  dynamic  pyroelectric  response  have 
been  plotted  against  the  pyroelectric  coefficient  (obtained  by 
the  direct  method)  together  with  the  piezoelectric  coefficient 
d},  for  each  of  the  four  samples  described  in  Table  I.  It 
should  be  noted  that  all  samples  were  preconditioned  before 
poling  by  heating  them  in  short  circuited  conditions  for  — 15 
hat  120  *C. 
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FIG.  3  Calibration  of  peak  response/,  against  pyroelectric  coefficient  p(T) 
at  26  *C  and  piezoelectric  coefficient  it,,  at  20  *C. 


DISCUSSION 

An  analysis  of  the  pyroelectric  current  transients  aris¬ 
ing  from  a  step  input  of  radiation  may  provide  useful  infor¬ 
mation  for  pyroelectric  detectors.  It  may  be  shown  that22 
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where  /  (f )  is  the  pyroelectric  current;  F*0is  the  radiation  pow¬ 
er  absorbed  per  unit  area  of  the  electroded  material;  A  is  the 
area  of  the  electroded  sample;  p(T)  is  the  pyroelectric  coeffi¬ 
cient  of  the  material;  P  is  the  density  of  the  material 
(gm/cm3);  Cr  is  the  specific  heat  (J  g  *C);  a  is  the  sample 
thickness  (cm);  6  is  the  te/tt;  te  is  the  electrical  time  con¬ 
stant  of  the  system  (  =  /JC);  C  and  R  represent  the  effective 
capacitance  of  the  system  comprising  the  material,  load  and 
the  input  capacitances  and  resistances;  rT  is  the  thermal  time 
constant  of  thesystem  (  =  CT /GT );  Cr  is  the  thermal  capac¬ 
ity  =  PC  Pa  A ;  Gt  is  the  thermal  conductance  of  the  coupling 
between  the  sample  and  the  ambient  (radiative,  convective 
and  conductive)  Here  it  has  been  assumed  that  rE  ^tt. 
Equation  ( 1 )  represents  the  difference  between  two  exponen¬ 
tials  with  the  same  initial  value,  but  decaying  with  two  time 
constant  rE  and  rr .  The  peak  value  of  the  current  and  the 
time  tp  for  (he  pyroelectric  current  to  reach  this  value  are 
given  by22 


TABLE  1  Calibration  table  for  25-/<m  thick  PVF.  film 
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FIG  2  Pyroelectric  coefficient  against  temperature 
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The  initial  slope  K ,  of  the  pyroelectric  response  to  a  step 
input  radiation  may  be  given  by53 


K  = 


dl(t) 
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These  equations  were  used  to  analyze  the  shapes  of  the  pyro¬ 
electric  current  transients  in  this  work. 

Now  Eq.  (2)  may  be  rewritten  thus: 
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The  magnitude  of  P  should  thus  be  a  constant  for  a  given 
sample  and  electrode  geometry  provided  the  incident  radia¬ 
tive  power  and  the  electrical  and  thermal  time  constants  re¬ 
main  invariant.  This  is  demonstrated  in  Table  1  which  gives 
the  magnitude  of  P  for  a  typical  set  of  samples  of  indentical 
thickness  and  electrode  areas,  but  poled  with  different  elec¬ 
tric  fields  The  values  of  the  pyroelectric  coefficient  p{T)  and 
the  pyroelectric  current  lf  were  obtained  dirctly  from  Fig.  2 
(i.e.,  the  results  of  the  direct  method)  and  the  step  responses 
of  the  dynamic  method,  respectively.  It  may  be  observed  that 
the  magnitude  of/?  values  in  Table  1  are  in  reasonable  agree¬ 
ment  with  each  other.  Although  the  magnitude  of p{T)  was 
chosen  to  be  at  28*  for  this  comparison  (Table  I),  the  above 
argument  should  still  hold  for  other  temperatures  as  the 
characteristics  of p(T)/T (Fig  2)  are  similar  in  shape  for 
different  poling  field  It  is  worth  noting  that  there  may  exist  a 
threshold  field  of  1.1 8  X  10*  V  cm'1  at  ordinary  temperature 
below  which  no  significant  pyroelectric  response  was  ob¬ 
served  in  PVFj  in  this  work  In  agreement  with  the  previous 
work"  21  the  observed  magnitudes  of p{T)  are  much  higher 
than  those  which  may  be  expected  from  the  expression3 


FIG  4  Pyr.'^icjinc  transient  response  vpara;c£?  intr  therm*!  electn- 
c*l  component* 


TABLE  II  Comparison  of  calculated  and  observed  parameter* 
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di 

where  E  is  the  electric  field  in  10*  V  m1. 

This  would  suggest  that  the  rigid  dipolar  model  may 
not  be  valid,  in  which  case  a  rotation  of  C-F  and  C-H  bonds 
may  be  the  dominant  factor,  or  pyroelectricity  in  PVFj  may 
arise  from  other  causes.  A  similar  conclusion  was  also 
reached  by  Kepler  and  Anderson39  when  they  attempted  to 
separate  the  components  of  pyroelectricity  into  primary 
pyroelectricity  and  secondary  pyroelectricity.  Their  results 
show  that  the  secondary  pyroelectricity,  in  which  the  sample 
shape  and  size  are  not  held  constant  during  the  temperature 
change,  may  only  account  for  about  half  the  total  pyroelec¬ 
tricity  observed  in  this  material.  They35  further  suggest  that 
a  reversible  temperature-dependent  crystallinity  may  be  re¬ 
sponsible  for  the  rest  of  the  observed,  pyroelectric  response. 
It  is  not  difficult  to  envisage  the  number  of  dipoles  changing 
by  virture  of  such  a  reversible  temperature-dependent  cry  ¬ 
stallization  so  that  as  the  temperature  decreases  there  may¬ 
be  a  slight  increase  in  the  number  of  repeat  units  associated 
with  the  crystal  Indeed  a  significant  increase  may  occur  if 
only  one  in  every  10  000  crystallizes  or  melts  per  degree 
change  in  temperature  have  been  observed,34  it  is  possible 
that  the  x-ray  diffraction  technique  of  measuring  the  crystal¬ 
linity  may  lead  to  anomalous  results  due  to  the  thermal  scat¬ 
tering  parameters  of  the  atoms  changing  with  temperature 
Pyroelectric  transients  for  step  input  radiations  were 
analyzed  for  at  least  13  samples3*  for  each  poling  field  The 
observed  nature  of  the  pyroelectric  transient  response  (Fig 
1 7  is  ir  agreement  with  those  obtained  for  other  pyroelectric 


materials,  (for  example.  Triglycine  sulphate  and  Barium  ti- 
tanate,13  Triglycine  Sulphate  and  Strontium-Barium  Nio- 
bate,"  etc)  and  PVF2.26'7  Using  the  method  due  to  Simhony 
and  Shaulov22  these  transients  were  then  analyzed.  Figure  4 
shows  an  enlarged  representation  of  such  a  transient  as 
shown  in  Fig.  1 .  The  decay  of  this  transient  would  be  largely 
dependent  on  the  thermal  time  constant  r7,  provided  it  is 
much  larger  than  the  electrical  time  constant  rE .  When  an 
exponential  was  drawn  to  fit  the  tail  of  the  transient  response 
it  was  found  to  correspond  exactly  (Fig.  4)  and  the  thermal 
time  constant  (tt)  of  0.654  s  was  thus  evaluated.  As  the 
pyroelectric  response  is  made  of  two  time  constant  r  r  and  r£ 
the  exponential  for  the  electrical  time  constant  (r£ )  w  as  con¬ 
structed  (Fig.  4)  using  the  superposition  principle  and  the 
magnitude  of  t£  was  observed  to  be  0.16  s.  Now  in  the  dy¬ 
namic  method  the  electrometer  (Keithley  602)  w  as  used  en¬ 
tirely  on  the  10'"A  range  where  the  effective  input  resis¬ 
tance  is  10"  ohms.  The  input  capacitance  of  the  electrometer 
is  —  20  pF  and  the  capacitance  of  the  sample  with  the  sample 
holder,  measured  with  a  general  radio  bridge,  type  1621,  at  1 
kHz  was  found  to  be  1.0195  nF.  Thus  the  effective  capacity 
and  the  time  constant  (r£)  of  the  equivalent  electrical  mea¬ 
suring  system  (including  the  sample)  are  ~  1.04  nF  and  0. 10 
s  respectively,  the  latter  value  being  not  loo  dissimilar  from 
that  evaluated  from  the  transient  response  (Fig  4).  Table  II 
gives  the  summary  of  the  analysis  of  the  transient  responses 
shown  in  Fig.  4.  To  evaluate/? (Table  II)  from  Eq  (6),  the 
magnitude  o fpC,,15  26  was  taken  to  be  2.4  J/*C  cm3.  It  may 
be  observed  from  Table  II  that  there  is  good  agreement  be¬ 
tween  the  expected  shape"  of  the  pyroelectric  step  response 
of  an  electret  and  the  observed  current  decay  in  PVF,  with  a 
step  input  of  radiations.  Thus  it  should  be  possible  to  deter¬ 
mine  the  pyroelectric  coefficient  from  such  a  step  response 
provided  the  calibration  curve  for p(T)/T is  available  using 
the  analysis  due  to  Simhony  and  Shaulov"1  for  a  particular 
material  with  a  particular  thickness  /?  values  will,  of  course, 
be  dependent  on  sample  thickness  as  their  analysis  assumes 
that  the  absorption  of  the  incident  radiations  mostly  occur 
uniformly  in  the  bulk  of  the  material  and  its  thickness  is 
within  the  absorption  depth  for  the  black  body  radiations  at 
500  K.,  which  for  poled  PVF;  samples  appear  to  be  ~  30 
pm.2* 

The  observed  behavior  of  the  piezoelectric  coefficient 
d3t,  with  the  poling  field  (conventional)  is  in  agreement  with 
other  workers24  29  30  although  there  is  no  strong  evidence  of 
the  existence  of  a  threshold  field  which  has  been  observed 
with  50-/jm-thick  films.24  29  This  may  be  due  to  the  fact  that 
unlike  25-/zm-thick  samples,  consisting  of  both  the  polar 
Form  1  and  the  nonpolar  Form  2  crystallites,  the  50-^m- 
thick  samples,  for  which  a  threshold  polarizing  field  has 
been  observed29  ( >  8  X  107  Vm1)  (Refs  24,  31)  is  of  Form  2 
structure  only  In  agreement  with  other  workers21' "  2  the 
induced  piezoelectricity  was  also  observed  to  be  quite  stable 
at  room  temperature. 

It  may  be  observed  from  Fig  3  that  the  peak  of  the 
pyroelectric  transient  /f  is  linearly  related  to  both  the  piezo¬ 
electric  coefficient  d,,.  and  the  pyroelectnc  coefficient,  mea¬ 
sured  b>  the  direct  method  Thus  for  the  25-/im-thick  Kur- 
eha  sample  these  three  parameiers  may  be  explained  in  the 


following  manner: 

P:vc/^20c  =  3.13xl05sCm-2*C'  (8) 

and 

^31(*ftc?  5  werki)  /W,  =  IfcA’-1  ■  (9) 

The  linear  relationship  between p(T)  and  Jf  may  be  due 
to  the  fairly  long  time  constants  (  >  0. 1  s)  involved  in  the 
transient  measurement  technique  compared  to  the  pulse 
techniques  of  other  workers.'6  "  19  This  effectively  ap¬ 
proaches  the  time  scale  of  the  direct  method12  so  that  differ¬ 
ences  which  may  occur  in  pyroelectric  measurements  due  to 
the  creation  of  an  expanded  space  charge  region32-33  may  be 
minimized. 

The  contribution  of  piezoelectricity  to  the  pyroelectric 
response  has  been  discussed  in  detail'6  "  but  has  been  found 
not  to  be  the  dominant  factor  PVF2.23  However,  the  similar 
behavior  of  d;i  &ndp{T)  with  temperature"  suggests  that 
piezoelectricity  and  pyroelectricity  may  have  a  common  ori¬ 
gin  and  it  may  not  be  surprising  that  lp  is  proportional  tod3l. 

Further  work  is  in  progress  to  study  the  effects  of  the 
follow  ing  parameiers  on  the  dynamic  pyroelectric  response 
of  PVFy  (i)  sample  thickness,  (ii)  frequency  of  chopped  radi¬ 
ations,  (iii)  front  electrode  material  and  its  thickness,  and 
(iv)  heat  transfer  arrangement. 
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A  STUDY  OF  THE  PYROELECTRIC  BEHAVIOR 
OF  POLYVINYL 1DENE  FLUORIDE 


D.  K.  Das -Gupta  and  K.  Doughty 
School  of  Electronic  Engineering  Science 
University  College  of  North  Wales 
Dean  Street,  Bangor,  Gwynedd,  G.B. 


INTRODUCTION 

The  pyroelectric  coefficient  of  a  material  may  be 
determined  by  three  methods: 

/ 

1.  the  direct  method,1  which  is  the  most  accurate 
technique; 

2.  the  dynamic  method,2’3  using  interrupted  thermal 
radiations ; 

3.  the  charge  integration  method4  in  which  the  meas¬ 
ured  coefficient  may  include  unwanted  components 
such  as  those  due  to  thermoelectric  currents. 

It  has  been  shown3  that  the  measured  data  of  the  dynamic 
method  may  be  calibrated  against  those  of  the  direct 
method,  providing  a  satisfactory  technique  for  quickly 
determining  the  suitability  of  various  target  materials 
for  use  in  pyroelectric  detectors. 

Polyvinylidene  fluoride  (PVF2)  is  a  semi-crystalline 
polymer  which  may  exist  in  at  least  two  stable  crystalline 
forms;  viz.  a  polar  Form  1  and  a  non-polar  Form  2.®  It 
may  be  made  to  exhibit  pyroelectric  behavior  after  polari¬ 
zation  in  a  high  d.c.  field  to  align  the  polar  crystallites 
of  the  Form  1  type  structure.7  Also,  high-field  treatment 
may  produce  a  polar  variety  of  the  Form  2  type  crystallites 
which  subsequently  may  be  converted  to  the  Form  1  struc¬ 
ture.  ®-11. 


Some  workers  have  reported  considerable  non-uniformity 
of  poling  in  films  of  poled  PVF2  with  pyroelectric12  and 
piezoelectric13  activity  decreasing  from  a  maximum  at  the 
positive  electrode  to  a  minimum  at  the  negative  electrode — 
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constants;  viz.,  the  thermal  time  constant  T_  and  the 
electrical  time  constant  t^.  these  two  components  have 
been  separated  in  figure  3  from  which  it  may  be  observed 
that  T-p  »  0.65  seconds  and  Tg  *  0.16  seconds.  The  peak 
values  of  the  current  transients,  Ip,  were  measured  for 
each  face  nearer  to  the  laser. 

Uncharged  samples  were  studied  by  the  I.R.  transmis¬ 
sion  technique10  and  the  magnitude  of  the  795cm""-*-  absorp¬ 
tion  peak  due  to  the  CH2  rock16  was  measured.  The  same 
absorption  peak  was  studied  by  the  A.T.R.  technique  for 
both  surfaces  of  the  film. 10 

Samples  were  prepared  for  corona  charging  in  pairs — 
one  for  I.R.  analysis  and  one  for  pyroelectric  measure¬ 
ments.  An  electrode  was  evaporated  onto  only  one  side 
of  each  sample  in  the  same  configuration  as  for  the  con¬ 
ventionally  poled  samples  and  positive  corona  charges 
were  deposited  up  to  surface  potentials  of  5,  7.5  and 
10KV,  respectively,  by  the  technique  described  in  the 
Literature. 4,1 9  Following  the  charging  process,  a  record 
aluminium  electrode  was  evaporated  onto  the  corona  side  of 
the  samples  for  pyroelectric  measurements,  and  Ip  and 
p(T)  were  measured  as  before.  The  aluminium  electrode 
was  then  removed  from  the  other  set  of  samples  using 
NaOH  solution  and  infra-red  absorption  spectra  measure¬ 
ments  were  obtained. 


RESULTS  AMD  DISCUSSION 

An  analysis  of  pyroelectric  current  transients 
arising  from  a  step  input  of  radiation  yields15 


Kt) 


f£-r(ra)  (“P  '  h  "  S 


(1) 


where  I(t)  =  Pyroelectric  current 

Fq  “  Radiation  power  absorbed  per  unit  of  elec¬ 
trode  meter 

A  “  Area  of  electroded  sarapLe 
p(T)  ■  Pyroelectric  coefficient 
P  **  Sample  density 
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Cp  =  Specific  heat  of  material 

a  =  Sample  thickness 

t£  =  Electrical  time  constant  of  system 

T.j.  =  Thermal  time  constant  of  sample  configuration 


Differentiating  equation  (1)  to  find  the  maximum  of  I(t) 
we  have 


I 

P 


Fop(T>  a  QQ/i-e 
p  cp  'r 


(2) 


at  *P 


tE  InO 
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(3) 


Substituting  the  value  of  G  obtained  from  figure  3  into 
equation  (3)  we  have  t  •  0.3  secs,  which  is  in  good  agree¬ 
ment  with  the  0.28  seel,  observed. 


Equation  (2)  shows  that  Ip  is  directly  proportional 
to  the  pyroelectric  coefficient,  p(T),  for  a  constant  value 
of  0.  Values  of  p(T)  and  Ip  for  each  sample  are  given  in 
table  1.  The  measured  values  of  Ip  have  been  plotted 
against  their  respective  values  of  p(T)  for  the  conven¬ 
tionally-  and  corona-poled  samples  in  figures  4  and  5, 
respectively. 

From  figure  4  it  may  be  observed  that  p(T)  measured 
at  28°C  is  proportional  to  Ip,  measured  at  the  positive 
face,  but  not  proportional  to  Ip  at  the  negative  face. 

The  lp+  (i.e.,  front  face  with  positive  polarity)  response 
is  in  each  case  greater  than  I  ~  (i.e.,  front  face  with 
negative  polarity)  which  is  consistent  with  the  results 
of  other  workers.12  Since  the  differences  become  pro¬ 
gressively  less  as  the  poling  field  is  increased, 
it  demonstrates  that  the  non-uniformity  of  poling  de¬ 
creases  as  the  poling  level  increases. 

In  the  case  of  corona-charged  samples  (figure  5) 
p(T)  is  related  linearly  to  Ip  but  is  not  proportional 
to  I  +  in  the  same  way.  Furthermore,  lp+  is  less  than 
Ip"  in  each  case  and  the  gradients  of  tne  p(T)  versus 
Ip  plot  in  figure  5  are  smaller  than  those  in  figure  4. 
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which  may  suggest  that  the  metal-polymer-metal  interfaces 
may  play  an  Important  role  in  the  poling  process. 

In  this  work  the  pyroelectric  responses  from  each  face 
of  both  conventionally-  and  corona-charged  samples  of  PVFj 
have  been  studied  by  a  transient  technique  and  compared 
to  the  results  of  the  direct  method.  Also,  the  infra-red 
absorption  at  795cm~l,  due  to  the  Form  2  type  molecular 
chains,  has  been  studied  for  the  corona-charged  samples 
by  conventional  infra-red  spectroscopy  (to  examine  the 
bulk),  and  Attenuated  Total  Reflection  Spectroscopy  (to 
probe  the  surface  structure).  This  may  allow  a  comparison 
of  structural  differences  in  the  bulk  and  at  the  surfaces 
to  be  made  before  and  after  poling. 


EXPERIMENTAL  TECHNIQUES 

Twenty-five  ym  thick  samples  of  biaxially  stretched 
films. containing  crystallites  of  both  Form  1  and  Form  2 
were  supplied  by  the  Kureha  Chemical  Co. ,  ltd.  of  Japan. 

For  conventional  poling,  aluminium  electrodes  of  1.6cm^ 
area  and  500A  thickness  were  evaporated  onto  each  surface. 
These  samples  were  then  poled  at  room  temperature  at  fields 
from  8x10 'Vm-1  to  2xlO^Vm-^. 

The  pyroelectric  coefficients  p(T)  of  these  samples 
were  measured  by  a  direct  method  described  in  a  previous 
paper14  and  a  set  of  typical  results  showing  reversible 
pyroelectric  behavior  is  shown  in  figure  1  in  the  tempera¬ 
ture  range  of  18-38°C. 

The  samples  were  then  mounted  in  a  sample  holder  with 
the  back  electrode  earthed  to  a  heat  sink.  The  front  elec¬ 
trode  was  fed  to  a  Keithley  electrometer  (Model  602)  oper¬ 
ated  in  the  fast  mode  whose  output  Was  monitored  on  a  stor¬ 
age  oscilloscope.  A  laser  with  a  0.94mw.  output  was  di¬ 
rected  at  the  center  of  the  sample  producing  an  illuminated 
area  of  /\'2.5mm  diameter.  This  beam  was  interrupted  using 
a  cable-released  shutter  timed  at  one-thousandth  of  a  sec¬ 
ond,  and  the  response  of  the  sample  to  a  step  pulse  was 
measured.  A  typical  response  curve  is  shown  in  figure  2. 

« 

The  observed  response  of  a  pyroelectric  detector  may 
be  analyzed  as  the  difference  between  two  exponentials 
decaying  from  the  original  value  with  different  time 
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Since  the  value  of  p(T)  obtained  after  corona  charging 
at  5KV  is  similar  to  that  obtained  by  conventional  pol¬ 
ing  with  the  same  field  (table  1),  then  it  is  likely 
that  a  surface  effect  is  responsible  for  the  measured 
low  values  of  I  +  after  corona  charging. 

Figure  6  shows  the  Optical  Density  Ratios  of  the 
795cm-1  I.R.  absorption  peak  at  different  poling  poten¬ 
tials  for  the  bulk  and  for  the  two  surfaces.  It  may  be 
observed  that  the  reduction  in  the  peak  intensity  at 
the  corona-charged  surface  is  much  less  than  in  the  bulk 
and  at  the  negative  (earthed)  electrode.  The  reduction 
of  the  level  of  the  absorption  peak  is  an  indication 
of  the  degree  of  poling10  and,  therefore,  this  result 
confirms  that  nonuniform  poling  exists  at  the  positive 
electrode  of  corona-charged  samples.  This  is  in  agree¬ 
ment  with  a  report17  of  a  slight  nonuniform  charge  distri¬ 
bution  at  each  surface  of  a  plasma-poled  sample  of  PVF2, 

/ 

CONCLUSIONS 

It  has  been  shown  that  a  nonuniformity  of  poling 
exists  in  all  samples  of  PVF2 ,  poled  at  room  tempera¬ 
ture.  However,  while  the  nonuniform  poling  of  con¬ 
ventionally-poled  samples  is  familiar,  it  is  very  differ¬ 
ent  from  that  of  corona-charged  samples.  Further  work 
will  be  required  to  probe  the  nonuniform  charging  and 
this  will  involve  the  use  of  chopped  radiation  at 
various  frequencies  in  order  to  alter  the  depth  of 
penetration  of  the  heat  pulses  into  the  samples. 
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FIGURE  1  Reversible  pyroelectric  behavior  o£  samples 
poled  conventionally  at  room  temperature. 


FIGURE  2  Typical  pyroelectric  response  to  a  step  of 
radiation. 


FIGURE  3  Separation  of  pyroelectric  step  response  into 
thermal  and  electrical  components. 


FIGURE  4  Pyroelectric  coefficient,  p(T),  by  the  direct 
method  versus  the  peak  transient  response  current.  Ip, 
for  conventionally-poled  samples. 
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THERMAL  AGING  EFFECTS  IN  CORONA  CHARGED 
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INTRODUCTION 

Polyvinylidene  fluoride  (PVF2)  is  a  semi  crystalline 
polymer  which  may  exist  in  at  least  two  stable  forms1  sim¬ 
ultaneously,  ie..,  a  planar  zig-zag  polar  form  (Form  1  or 
B-form)  with  two  monomer  units  -CF2-CH2-  per  unit  cell 
belonging  to  the  space  group  Cm2m(C2y)  and  the  non-polar 
T-G-T-G'  form  (Form  2  or  a-form)  with  the  space  group 
P2j/C(C2h)<  In  the  Form  1  structure  each  monomer  unit  of 
PVF^  has  a  dipole  moment  of  2. ID  (=7.01  x  10-30  Coulomb- 
metre)  which  is  oriented  perpendicular  to  the  polymer  chain 
axis.  It  has  been  suggested2  that  in  PVF2  films,  contain¬ 
ing  both  Form  1  and  Form  2  crystallites,  the  piezo-  and 
pyro-electric  responses  may  increase  with  increasing  Form 

1  content.  It  is  also  established  that  the  piezo-  and 
pyroelectric  responses  in  oriented  PVF2  films  are  enhanced 
on  poling  (i.e.  subjecting  the  polymer  to  a  high  electrical 
stress  at  an  elevated  temperature  for  an  extended  period  of 
time).  Oshiki  and  Fukada3  observe  a  conversion  from  Form 

2  to  Form  1  on  stretching  and  subsequent  poling  of  PVF2 
films.  It  has  also  been  shown1*  that  a  change  in  molecular 
structure  may  occur  in  bi-axially  oriented  PVF2  films  sub¬ 
sequent  to  poling  by  corona  charging.  These  facts  tend  to 
suggest  that  a  dipolar  orientation  in  the  crystalline  and 
(or)  amorphous  phase  may  occur  in  PVF2  on  poling.  The 
relevance  of  the  changes  in  the  crystalline  structure  on 
poling  and  the  nature  of  the  stability  of  the  PVF2  thermo- 
electrets  on  subsequent  thermal  cycling  are  not  yet  under¬ 
stood. 

The  present  work  reports  the  results  of  the  following 
studies  of  age-ing  of  corona  charged  PVF2  with  repeated 
thermal  cycling  in  the  temperature  range  20*-170®C;  (i)  the 
nature  of  the  thermally  stimulated  currents,  (ii)  the 
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behaviour  of  the  piezeel eel ric  strain  coefficient  d3j,  and 
(iii)  X-ray  diffraction  profiles. 


EXPERIMENTAL 

25  Mm  thick  PVF2  films  containing  both  Form  1  and 
Form  2  were  employed  in  this  work  and  the  films  were  kindly 
provided  by  the  Kureha  Chemical  Industries  Company  Limited 
of  Japan.  Aluminium  electrodes  of  5  cm  diameter  were 
vacuum  deposited  on  one  surface  of  each  sample,  the  metal¬ 
lized  surface  being  in  contact  with  an  earthed  heavy  copper 
plate  at  a  constant  temperature  of  20°C.  Each  sample  was 
then  held  between  two  short  circuited  aluminium  plates  and 
conditioned  in  an  oven  at  120°C  for  -15  hours.  Pairs  of 
samples  were  then  corona  charged  for  100  seconds  to  the 
desired  surface  potential  (5  k V  and  10  kV  in  the  present 
study)  following  a  technique  described  in  a  previous  work.^ 
X-ray  diffraction  profiles  of  the  corona  charged  PVFj  fil«s 
were  then  recorded  for  Bragg  angles  6,  in  the  range  of 
17°-22°  with  CuKtx  radiations  using  a  step  scanning  tech¬ 
nique.  The  evaporated  aluminium  electrode  on  one  of  the 
surfaces  of  the  polymer  acted  as  an  internal  standard  and 
the  uncertainty  in  the  value  of  20  was  observed  not  to 
exceed  0.1°.  Samples  were  then  shorted  between  two  sheets 
of  aluminium  for  24  hours  at  20°C.  Following  this  proce¬ 
dure,  conducting  silver  paste  was  painted  on  the  non- 
metallized  surface  of  each  sample  which  was  then  mounted 
on  a  circular  aluminium  block  of  5  cm  in  diameter,  located 
on  a  copper  heating  plate.  A  programmed  power  supply  was 
employed  to  raise  the  temperatures  of  the  sample  at  e  con¬ 
stant  rate  of  2°C/minute  from  20 0  to  90°C,  the  temperature 
being  recorded  continuously.  The  cooling  of  the  sample 
to  20°C  was  achieved  by  employing  liquid  air  in  a  double 
walled  and  evacuated  metallic  dewer  attached  to  the  copper 
heating  plate.  After  the  first  thermal  cycle  (i.e.  20°- 
90®-20°C)  the  magnitude  of  the  short  circuited  current 
was  observed  to  be  repeatable  on  successive  runs.  The 
electrode  of  silver  paste  was  then  removed  with  acetone 
and  the  X-ray  pattern  was  obtained  again. 

A  second  aluminium  electrode  was  then  vacuum  deposited 
on  the  non-metal  1 ized  surface  of  the  other  sample  of  the 
corona  charged  pair.  The  piezoelectric  strain  coefficient 
d 3 j  of  this  specimen  was  then  measured  using  a  conventional 
static  method  of  releasing  a  fixed  weight  in  a  temperature 
controlled  oven.  The  d 3 j  values  were  measured  in  the 
temperature  range  of  20°-90°C  at  steps  of  5°C.  The  sample 


was  allowed  to  cool  to  20°C  again  before  further  nn-asure- 
ments  of  djj  were  made  for  the  second  and  each  subsequent 

thermal  run. 


RESULTS 

Figure  1  shows  the  thermally  stimulated  currents  for 
the  first  heating  cycle  with  PVF2  films,  poled  at  two  sur¬ 
face  potentials  of  5  kV  and  10  kV.  Both  corves  show  a 
peak  at  -49°C  and  have  similar  profiles  to  those  reported 
by  other  workers.  The  activation  energies,  calculated  by 
the  slope  of  the  initial  rise  method,  are  1.4  eV  and  1.2  eV 
for  the  10  kV  and  5  kV  poling  voltages  respectively. 

In  Figure  2  are  presented  the  behaviour  of  the  true 
(i.e.,  reversible)  pyroelectric  currents  with  temperature 
which  are  about  an  order  of  magnitude  lower  than  those  for 
the  first  cycle  (irreversible),  shown  in  Figure  1.  The 
pyroelectric  coefficient  p  may  be  calculated  from  these 
plots  using  the  following  expression: 

D  -  dP  -  1  d.Q  =  1  dQ  .  dt  =  1  dt  ,  . 

v  dT  A  dT  A  dt  dT  A  dT . 

where  p  is  the  polarization,  T  the  temperature,  Q  the 
charge  and  dT/dt  the  rate  of  heating.  The  magnitude  of  p 
in  curve  A  (Figure  2)  appears  to  be  -4  nC/°C/cm2  at  20°C, 
rising  to  a  value  of  '8  nC/°C/cm‘  at  90°C.  The  correspond¬ 
ing  values  cf  p  for  curve  B  are  -2  nC/^C/cm2  and  6  nC/°C/cm 
respect ivelv .  In  both  cases  the  behaviour  p  seems  to  in¬ 
crease  linearly  with  temperatures  up  to  60°C  beyond  which 
there  is  evidence  of  nonlinear  and  faster  rate  of  increase 
in  magnitude.  The  behaviour  of  the  piezoelectric  strain 
coefficient  d 3 ]  shows  a  similarity  with  those  for  the  pyro¬ 
electric  coefficient  (see  Figure  3).  However,  it  should  be 
noted  that  the  difference  in  the  magnitude  of  djj  between 
the  first  and  the  second  heating  cycle  is  considerably  less 
(-202)  than  that  for  the  pyroelectric  case,  discussed  above 

Figure  4  shows  the  effect  of  corona  charging  on  the 
structure  of  PVF2-  The  observed  changes  are  in  good  agree¬ 
ment  with  those  previously  reported  by  the  present  workers5 
and  show  that  with  increasing  poling  fields  a  conversion 
of  Form  2  to  perhaps  a  polar  form  without  losing  its 
T-G-T-G'  structure  and  then  finally  to  Form  1  structure. 
Figures  5  and  6  show  that  repeated  thermal  cycling  has 
little  effect  on  the  structure  of  poled  PVFj  films. 
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DISCUSSION 

It  has  been  suggested5  that  an  intermediate  polar  For* 

2  type  of  structure  with  T-G-T-G*  chain  conformation  may 
arise  on  poling  of  non-polar  Form  2  type  of  crystallites  at 
fields  not  exceeding  2  *  10®  Vm-1.  Furthermore,  such  a 
conversion  which  may  account  for  the  observed  piezo-  and 
pyroelectricity  in  PVF2,  could  be  produced  by  a  rotation 
of  chains,  resulting  in  a  symmetry  similar  to  that  of  For* 

1  and  this  would  also  be  in  agreement  with  Davis  et  al.6 
However,  a  conversion  of  non-polar  Form  2  into  a  polar 
Form  2  structure  would  involve  rotations  which  would  be 
similar  in  nature  to  those  occurring  during  the  so-called 
ac  dielectric  relaxation  of  Form  2  structure  at  *70*C.7 
Then  it  may  be  expected  that  the  structure  together  with 
the  piezo-  and  pyroelectricity  may  be  unstable  above  this 
temperature.  The  present  results  indicate,  however,  that 
this  is  not  the  case  for  temperatures  at  least  up  to  -90*C. 
The  lack  of  changes  observed  in  the  X-ray  diffraction  pat¬ 
tern  of  poled  specimens  before  and  after  thermal  cycling 
clearly  indicates  that  the  new  structures,  produced  by 
5  kV  and  10  kV  poling  voltages,  are  quite  stable. 

Furthermore,  no  relaxation  behaviour,  for  example,  a 
significant  change  in  the  magnitude  cf  p  or  d32,  was  ob¬ 
served  at  temperatures  around  70"C.  Although  the  first 
cycle  of  thermally  stimulated  current  trace  (Figure  1)  may 
indicate  a  presence  of  such  a  behavior,  the  dissimilar 
nature  of  d3i  (Figure  3)  with  temperature  would  eliminate 
the  role  of  such  irreversible  polarization  for  the  origin 
of  piezo-  and  pyroelectricity  unless  a  different  mechanism 
was  responsible  for  the  two  phenomena.  In  view  of  the  6imi-' 
larity  in  behaviour  of  the  pyroelectric  current  (Figure  2)  " 

and  d3j  (Figure  3)  with  temperature  this  would  appear  to  £ 

be  unlikely  and  it  may  be  suggested  that  the  two  phenomena  •' 
have  a  common  origin.  In  this  sense,  there  is  a  possibility’ 
that  a  part  of  the  pyroelectricity,  observed  in  this  polymer^ 
may,  in  fact,  be  of  secondary  nature,  arising  due  to  piezo-  £ 
electricity  when  the  specimen  undergoes  thermal  expansion 
against  its  constraints.  Such  a  possibility  has,  of  course^/ 
been  discussed  by  Kepler  and  Anderson.®  •' 
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FIGURE  1  Thermally  stimulated  current 
during  the  first  heating  cycle  (irrever¬ 
sible)  from  25  urn  thick  and  corona 
charged  PVFj:  Curve  A:  Corona  potential 
10  kV,  charging  time  100  seconds  and  charg¬ 
ing  temperature  20*C.  Curve  B:  As  in 
Curve  A  but  corona  potential  5  kV.  Heat¬ 
ing  rate:  2*C  per  minute. 
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FIGURE  2  Thermally  stimulated  current  and 
pyroelectric  coefficient  with  25  urn  thick 
and  corona  charged  PVF;  during  the  second 
cycle  (reversible  pyroelectric  current). 
Poling  conditions  for  Curves  A  and  B  and 
the  heating  rate  are  the  same  as  In 
Figure  1. 


FIGURE  3  The  behavior  of  the  piecoelec- 
tric  strain  coefficient  d 3 j  of  corona 
charged  PVFj  with  temperature.  Poling 
conditions  are  as  In  Figure  1;  X  first 
cycle  and  0  second  cycle. 
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FIGURE  4  X-ray  diffraction  pattern  of 
25  pa  thick  PVF2  before  and  after  corona 
poling.  Poling  time  and  temperature  are 
Che  same  as  in  Figure  1. 


FIGURE  5  Effect  of  thermal  aging  on 
the  X-ray  diffraction  profiles  of  corona 
charged  (10  kV)  PVF2  of  25  pm  thickness. 


FIGURE  6  As  in  Figure  5  except  corona 
poling  at  5  kV. 
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INTRODUCTION 

It  Is  established  that  significant  electrostatic, 
piezoelectric  and  pyroelectric  responses  may  be  obtained 
from  electrically  polarised  polyvinylldene  fluoride  (PVFj) 
films.1'11  Although  In  recent  years  the  pyro-  and  piezo¬ 
electric  properties  of  PVF2  have  received  considerable 
attention,  as  yet  we  have  no  clear  underatanding  of  the 
nature  and  origin  of  the  high  field  polarization  In  this 
material  and  it  appears  that  its  electrical  properties  are 
extremely  complex. 

It  is  generally  accepted  that  the  origin  of  polarisa¬ 
tion  induced  in  a  dielectric  material  with  an  external 
field  is  due  to  one  of  the  following  phenomena:  (i)  elec¬ 
trode  polarisation,  (li)  dipole  orientation,  (ill)  charge 
injection,  (iv)  tunnelling  of  charge  carriers  from  the 
electrodes  to  empty  traps,  and  (v)  hopping  of  charge  car¬ 
riers  through  localised  states.  With  the  exception  of  the 
hopping  mechanism,  the  above  processes  have  been  reviewed 
by  Wintle.12  A  study  of  depolarisation  currents  with  re¬ 
spect  to  suitable  variables,  i.e.  time,  electric  field, 
temperature,  electrode  materials  and  sample  thickness,  can 
help  to  identify  the  exact  mechanism  of  polarisation  in  a 
dielectric  material.  The  present  work  reports  on  an  in¬ 
vestigation  of  the  absorption  and  depolarisation  currents 
in  PVF2  with  respect  to  the  variables  above. 


EXPERIMENTAL 

PVF2  films  of  50,  25  and  16  pm  thickness  were  pro¬ 
vided  by  the  Kureha  Chemical  Co.  Ltd.,  Japan.  The  bulk 
of  the  measurements  were  made  with  25pm  thick,  unlaxially 
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oriented  samples;  however,  a  f ew  were  also  made  with  50pm 
thick,  biaxially  oriented  and  16pm  thick,  uniaxially 
oriented  samples.  The  experimental  techniques  (method  of 
sample  preparation,  vacuum  deposition  of  electrodes,  ef¬ 
fective  electrode  area  and  geometry,  preconditioning  of 
samples  at  393K,  and  the  measurement  procedure  for  ab¬ 
sorption  and  depolarisation  currents  after  the  application 
and  removal  of  step  voltages)  used  in  this  work  have  been 
described  by  Das  Gupta  and  Joyner. 1 3* All  measurements 
were  made  at  a  chamber  pressure  of  ' 10-6  Torr. 


RESULTS 

< 

Time  Dependence 

Figure  1  shows  typical  examples  of  the  time  depen-  ^  - 
dence  of  the  charging  and  discharging  currents  which  were 
obtained  in  the  temperature  range  of  118-383K  with  electric 
fields  in  the  range  lO4  -  5  x  107  Vm-1.  The  charge  and 
discharge  transients  are  seen  to  be  coincident  at  low 
temperatures  (118-263K).  However,  at  higher  temperatures 
and  longer  times,  departure  from  coincidence  occurs, 
probably  because  of  the  onset  of  a  quasi-steady  state  con¬ 
duction  which  became  predominant  in  the  charging  transients 
at  temperatures  in  excess  of  268K.  Furthermore,  with  in¬ 
creasing  temperature,  the  effect  is  observed  at  shorter 
times.  In  general,  the  discharge  current  was  observed  to 
decay  as 


I(t)  -  A(t)  t~n  (1) 

where  I  is  the  current,  t  is  the  time  after  application  or 
removal  of  step  voltage,  A(T)  is  a  temperature-dependent 
factor,  and  n  *  1. 


Temperature  Dependence 

Typical  examples  of  discharge  currents  at  prescribed 
times  (isochronals)  in  the  temperature  range  of  118-383K  are 
shown  in  Fig.  2.  Similar  isochronals  were  observed  for 
electric  fields  over  the  range  10*'  Vm-1  -  5  *  107  Vm*1. 

Two  peaks  are  noted  at  approximately  233K  and  373K.  The 
positions  of  both  peaks  were  observed  to  shift  to  lower 
temperatures  with  increasing  times,  which  indicates  thermal 
activation  in  both  cases. 
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Field  Dependence 

Figures  3  and  4  show  typical  examples  of  the  field 
dependence  and  the  isochronals  of  the  current  transients 
at  313K.  Again,  the  charging  currents  are  observed  to 
deviate  from  coincidence  with  the  discharge  currents  at 
shorter  times  with  increasing  electric  fields*  This  in¬ 
dicates  that  at  higher  fields  (and  temperatures)  the 
quasi  steady-state  conduction  current  components  of  the 
charging  transients  become  more  prominent.  Over  the  range 
of  electric  field  covered  in  this  work,  the  field  depen¬ 
dence  of  the  current  transients  can  be  expressed  by  the 
following  relationship: 

I(t)  -  k(t)FP  (2) 

where  k  is  independent  of  the  field,  and  F  and  p  =  1,  ex¬ 
cept  in  the  case  of  the  charging  current  where  p  was  ob¬ 
served  to  increase  to  a  value  of  1.7  at  the  highest  field 
(5  *  107  Vm"1). 


Effect  of  Electrode  Materials 

Most  of  the  measurements  were  made  with  gold  elec¬ 
trodes;  however,  a  limited  number  of  measurements  were 
made  with  Indium  and  aluminium  electrodes.  Figure  5  shows 
a  typical  example  of  the  field  dependence  of  the  charging 
and  discharging  Isochronals  at  107s  with  these  electrode 
materials.  The  results  suggest  that  the  absorption  cur¬ 
rent  is  PVF2  is  not  dependent  on  these  electrode  materials 
within  the  range  of  field  employed. 


Thickness  Dependence 

As  stated  earlier,  most  of  the  measurements  were  made 
with  25pm  thick,  uniaxially  oriented  films;  however,  a 
limited  number  of  absorption  current  studies  were  also  made 
with  30pm  thick,  blaxlally  oriented  and  16pm  thick,  uni¬ 
axially  oriented  films.  Figure  6  shows  the  field  depen¬ 
dence  of  the  charging  and  discharge  current  Isochronals 
(102S)  with  films  of  these  thicknesses.  Within  this 
limited  range  of  observations,  it  is  evident  that  the  ab¬ 
sorption  current  in  PVF2  is  Independent  of  the  sample 
thickness. 
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DISCUSSION 

The  isochronal  characteristics  (Fig.  2)  show  that  at 
least  two  relaxations  (at  -233K  and  373K)  occur  In  PVF2- 


Low  Temperature  Region  (118-263K) 

The  mirror  image  nature  of  the  charging  and  discharge 
currents  argues  against  a  model  due  to  trapped  space  charge 
arising  from  charge  injection.12*15  The  observed  tempera¬ 
ture  dependence  and  the  lack  of  significant  electrode  and 
sample  thickness  effects  eliminates  a  tunnelling  model16 
as  the  source  of  the  absorption  current.  Furthermore,  the 
absence  of  any  significant  effect  of  electrode  materials 
and  the  magnitude  of  the  observed  initial  slope  of  the 
absorption  and  depolarisation  currents  (n-value  >  0.5) 
appears  to  exclude  an  electrode  polarisation  model.17*16  - 
A  hopping  mechanism  due  to  Lewis15  in  which  the  charge 
carriers  do  not  reach  the  conduction  band  (i.e.  no  dC 
conduction),  requires  the  presence  of  localised  trap  sites 
distributed  in  energy.  The  observed  discharge  current 
transients,  with  n-value  “1  over  a  long  period  of  time, 
may  not  be  incompatible  with  such  a  model,  assuming  that 
band  tailing  occurs  in  a  partly  amorphous  material20  which 
may  produce  localised  states.  The  broad  Isochronal  peak 
observed  at  -233K  in  the  present  work  may  be  explained 
also  by  the  overlapping  of  a  number  of  relaxations  of 
different  dipolar  assemblies.  Molecular  motions  in  PVFj 
have  been  studied  extensively  by  dielectric  techniques 
(small  signal  ac  measurements)  in  recent  years.21-24 
The  Isochronal  peak  observed  in  the  present  work  correlates 
with  those  obtained  by  dielectric  measurements  and  also 
with  the  thermally  stimulated  current  peak  observed  bv 
Pfister  and  Abkowitz.25  The  dielectric  measurements21-24 
reveal  that  there  are  at  least  three  distinct  relaxation 
regions  in  PVF2:  (i)  an  a  relaxation  at  373-423K,  (ii) 
a  B  relaxation  at  223-273K,  and  (ill)  a  y  relaxation  at 
-203K.  Respectively,  these  three  relaxations  have  been 
attributed25  to:  (i)  molecular  motions  in  the  Form  1  and* 
Form  II  crystalline  material,  specifically  an  <*j  absorp¬ 
tion  at  343K  in  the  Form  II-nonpolar  material  and  an  aj- 
absorption  at  383K  in  the  Form  1-polar  material,  (11) 
micro-Brownian  motion  of  the  main  chains  In  the  amorphous 
phase  and  (iii)  local  mode  oscillations  of  the  frozen  main 
chains.  These  observations  are  also  in  agreement  with  NMR 
measurements. 21  Furthermore,  PVFj  has  two  distinct  dipole 
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groups  in  Che  main  chain:  C-F  (calculated22  dipole  moment 
■  1.53D)  and  C-H  (calculated22  dipole  moment  m  0.4D). 

We  suggest  that  the  low  temperature  peak  observed  at 
-233K  in  the  present  study  is  due  to  a  structural  motion 
in  the  main  chain  of  PVF2  with  associated  overlapping  di¬ 
polar  relaxations  of  different  dipole  groups. 


High  Temperature  Region  (273  <  T  <  383K) 

Using  similar  arguments  to  those  above,  the  results 
in  the  high  temperature  region  suggest  that  mechanisms 
such  as  tunnelling,  electrode  polarisation,  and  space 
charge  are  not  responsible  for  the  absorption  current  in 
PVFj.  The  high  temperature  isochronal  peak  (Fig.  2)  at 
•373K  is  in  good  agreement  with  the  dielectric  data21-24 
and  may  be  adequately  explained  by  structural  motions  in¬ 
volving  overlapping  dipolar  relaxations  in  the  crystalline 
phase  of  the  polymer. 

Further  work  is  in  progress  to  extend  the  studies  of 
the  absorption  and  depolarisation  currents  in  PVF2  to  the 
upper  limit  of  the  high  temperature  region  (-445K). 
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I  (A) 


FIGURE  1  Time  dependence  of  the  charging  and  dis¬ 
charging  currents  at  a  field  of  2  *  107  Vm-1  over 
the  temperature  range  118  -  313  K.  (Sample  thick¬ 
ness:  23  urn;  evaporated  gold  electrodes.) 
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FIGURE  2  Temperature  dependence  of  isochronal  dis¬ 
charge  currents  at  a  field  of  2  >  107  Vm"1;  (25-pm- 
thick  samples  with  gold  electrodes). 


Field  CVm'1) 


FIGURE  4  Field  dependence  of  isochronal  charging 
and  discharging  currents  at  313  K  (25-wm-thick 
samples  with  gold  electrodes). 


PUBLICATION  N 


C11 


"OH  THE  MATURE  OF  PIEZOELECTRICITY  □* 

POLYVINYL I DENI  FLUORIDE" 

Dj_Ej_D«r£u£ta  and  K.  Doughty 

School  of  Electronic  Engineering  and  Sc i once, 

University  College  of  North  Uelea,  Daaa 
Street,  Bangor,  Gwynedd,  LL57  1U1,  G.U. 

Abitract 

The  affect  of  poling  of  polyvinylidena  fluoride  with  corona 
charging  (4  12KV)  has  been  atudiad  by  X-ray  diffraction  technique. 
The  reoulta  indicate  that  changed  in  nolecular  conformation  occur 
with  auch  a  poling  proceaa  which  ia  in  agreement  with  Southgate1 
and  a  previous  study  by  the  present  authors2.  The  piesoelectric 
strain  coefficient  d^  was  observed  to  ineraasa  significantly 
with  auch  a  poling  proceaa,  reaching  a  maximal  value  of  MOpC/N. 

It  ia  suggested  that  the  pleioeleetrielty  in  polyvinylidena 
fluoride  la  due  to  a  dipolar  orientation. 

1.  Introduction 

Polyvinylidena  fluoride  (PVFj)  ia  a  aenicryatalllna  polyuer 
of  the  nnnomer  unit  (Ctlj  *  CF^).  It  has  been  shown  that  it  My 

exist  in  nt  least  two  stable  forma*  simultaneously,  i.e. 

.  t 

(i)  planar  xi|.-afl(;  polar  Ion-.  (Torn  1  or  B-iorm)  with  an 

electric  dipole  moment  oi  2. IP*  along  the  b-exia  (perpendicular 
to  the  chain  axia)  and  (ii)  the  non-poler  form  (Foru  2  or  «-f oro)*. 
It  la  alan  natabliehed  that  a  single  crystal  of  TYF^  in  tho  polar 

form  which  has  an  orthnrunm Lie  unit  call  with  a  apace  group* 

u 

Cr2r(C2^)  may  poiseas  pieiocleetrieitj  without  any  external  poling. 
It  hna  been  suggested"  that  in  PVFj  films,  containing  both  ’Form  1 
(polnr)  nnd  Port  2  (non-polor)’,  the  pieto-  and  pyroelectricity 
say  increase  with  increasing  'Form  1'  content.  It  it  aleo 
established  that  the  piern-  nnd  the  pyrne lec trie  reeponeea  in 


oriented  FVFj  filaa  ara  anhanead  on  poling  (i.a.  eubjactlng  (ha 
polywar  at  a  high  ta^aratura  to  a  high  alaetrie  fiald  (or  a  longth 
of  time).  Oahiki  and  Fukada*  obaarva  a  convaraion  (ran  'Forn  2'  to 
'Fern  1'  on  atratehing  and  aubaaquant  poling  of  FVFj  filaa, 
origioaily  containing  both  'Fora  1'  and  'Fora  2*  and  thia  haa  alao 
boon  aupportod  by  La tour 10  and  Shuford  at  al11. 

Tha  praaant  workara  hava  pravioualy  ehown2  that  a  changa  in 
aslaculaf  eonforaation  nay  taka  placa  in  biaxial ly  orient...  PVT^ 
(ilna  aubaaquant  to  poling  by  corona  charging.  Tha  currant  ctudy 
ia  a  continuation  of  thia  aarliar  work  and  it  nay  ba  dividad  into 
two  parta  which  ara  aa  follow* i  (i)  atudiaa  of  X-ray  diffraction 
pattoma  of  PVFj  (Una  aftar  poling  with  corona  charging  at 
diffarant  aurfaca  potcntiala  not  axcacding  12.2KV  (i.a.  a  fiald  of 
*4.8  ■  10°  Vti  S  and  (ii)  atudiaa  of  tha  corraaponding  nagnitudaa * 
of  tha  piaaoalactric  coafficianta  of  tha  polad  aanplaa. 

1,  Folinr.  by  corona  charging 

Poling  by  corona  charging  uaing  a  Zaroatat  gun2 and  a 
tachnlqua  ainilar  to  that  of  Southgate*  waa  found  to  ba  unauitabla 
for  controlling  a  uniform  and  rapaatabla  aurfaca  potantial  on  tha 
polymer  aurfaca.  For  tha  praaant  work  a  micromaah  control  grid 
waa  introdueod  between  tha  aampla  and  the  corona  point  which  waa 
connactad  to  an  adjuatabl*  high  voltage  aupply.  The  control  grid 
waa  connactad  to  a  aaparata  high  voltage  aupply  and  maintained  at 
3KV  kalow  that  of  the  corona  point.  Aluminium  alactrodaa  ware 
vacuum  depoaited  on  one  aurfaca  of  circular  aaoqilaa  of  Sen 
diameter  and  of  2Sun  tliicknaaa.  Toaitive  chargae  war*  depoaited 
on  the  non-mataliaad  aurfaca  of  \h*  polymer,  the  mataliaad  aurfaca 
being  in  contact  with  an  aarthad  heavy  copper  plat*  which  waa 
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maintained  at  a  constant  temperature  of  ID  C.  Tha  aurfaea 
potential  waa  monitored  continuoualy  with  a  Field  Hill  type  electro* 
atatic  voltmeter  (Node  1  216,  IDD,  UCNW).  The  aurfece  potential  wae 
obaervad  to  reach  the  daaired  valuaa  in  all  caaae  within  10  eeeonde 
after  tha  application  of  E.H.T,  to  the  corona  point  and  the  (rid. 

The  poling  time  employed  for  each  eauple  waa  30  ninutee  at  the  end 
of  which  period  tha  non-mataliaad  aurfaea  waa  earthed  temporarily. 

3.  X-ray  diffraction  pattern! 

A  atap  aeanning  technique  waa  employed  to  obtain  tha  X-ray 
diffraction  profile!  of  PVFj  (ample*  uaing  ((.-filtered  Cu-K« 
radiation*  with  a  Phllipe  X-ray  dif fractometar  (Model  PW10S0).  In 
fact,  tha  method  employed  waa  identical  to  that  uaad  in  the  earlier 
work1  except  in  the  preeant  caaa,  the  evaporated  aluminium 
electrode  on  one  of  the  aurfacea  of  the  polymer  acted  aa  an 
internal  atandard  in  order  to  aacertain  an  uncertainty  in  the 
valuea  of  28,  where  8  ia  the  Bragg  angle,  not  exceeding  0.1°. 

Figure  l  ahowa  the  reaulta  of  a  typical  aat  of  diffraction  profilea 
of  PVF2  aamplaa  which  were  poled  by  corona  charging  at  different 
valuea  of  tha  aurfaea  potent ia la.  For  the  eake  of  coaqwriaon  a 
diffraction  profile  of  an  unpoled  temple  la  alao  provided  in  thia 
diagram  and  it  may  be  atated  that  the  reepectivn  28  valuea  for 
different  atructural  planet  in  thia  profile  are  in  good  agreement 
with  thoee  due  to  Haaegawa  at  el7.  It  may  be  noticed  from  Figure  1 
that  the  intanaltiea  of  tha  peak  valuea  for  tha  (100),  (020)  and 
(210)  of  the  'Form  2'  dtcreaae  with  lncreeelng  poling  field  and 
finally  their  magnitude!  become  veniehingly  euall  at  fielda  in 
exeeee  or  1.6  "  108Vi.i  .  It  may  alee  be  obaervad  (Figure  1)  that 
the  'Form  2'  (110)  peak  intenaity,  on  the  other  hand,  flrat  riaee 
with  increaalng  field,  not  in  exeaaa  of  3.6  10 “Vm  beyond  which 


Ticura  li  X-ray  diffraction  pattern  aa  a  function  of  poling 
(corona  charge)  field 

Intensity  (arbitrary  units) 
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>t  decreaaaa  rapidly.  Tha  coupoeita  paak  (110)«(200)  of  'Fora  1' 
waa  obaarved  to  inrreaae  continuously  aa  tha  poling  fiald  vae 
incraaaad.  It  ia  suggested  that  initially  thara  ia  an  oriantatioo 
of  both  tha  'Forai  2'  and  tha  'Fora  l'  eryatallitaa  aa  tha  poling 
fiald  ia  incraaaad,  tharaby  producing  incraaaaa  in  tha  paak  heights 
of  thair  raapactiva  (110)  and  tha  composite  (110)*(200)  planaa. 
Furtharnora,  for  fialda  in  aaceaa  of  a  cartain  magnitude  a  solecular 
conformation  from  'Fora  2*  to  'Fora  1'  oceura  in  tha  bulk  of  PVF^. 

It  ia  of  internet  to  note  that  Kepler11  alao  obaarvea  an  alignment 

of  tha  'Fora  1'  eryatallitaa  subsequent  to  the  poling  of  FVFj  in  a 

8  *1 

high  dc  (not  corona  charging)  field  of  up  to  10  Va  , 


*.  Piagoalacttic  atrain  coefficient  d^ 

Following  tha  X-ray  analyeie  a  aecond  aluniniuai  alectrodo 

waa  avaporatad  on  tha  other  aurface  of  each  of  tha  poled  eanplae 

which  waa  then  left  for  twenty-four  houra  with  the  electrodea  abort 

circuited.  Tha  pietoelectric  atrain  coefficient  waa  than  matured 

by  a  conventional  atatic  net hod.  Figure  2  about  tha  variation  of 
a  -  intensity  o*  form  l.compositetnOM  200)  planes. 
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with  the  electrical  poling  etreee  together  with  the  change a  io 
inteneitiee  of  the  peak  value*  of  the  X-ray  diffraction  profile*  of 
'Fora  2'  (110)  plan*  and  the  'Fora  1'  composite  peak  (110) *(200). 

The  djj  ia  observed  to  ba  S-ahapad  and  i*  similar  in  behaviour  to 
that  of  the  pyroelaetrie  coefficient  in  PVF^  due  to  Southgate1 
after  corona  charging.  It  nay  thus  be  argued  that  the  piete- 
•lectricity  in  FVFj  may  ba  due  to  an  orientation  and  alignment  of 
the  dipole  moment*  of  the  'Fora  1*  cryatallite*  by  high  external 
poling  stress.  Such  a  phenoaianon  may  also  occur  in  PVF^  with  'Fora 
1*  crystallites  eobedded  in  the  amorphous  phase  of  the  polyner  which 

ha*  been  suggested  by  Taaurs  at  *1*  *. 
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Polyvinyl idtne  fluoride  ia  a  semi-crystalline  polymer  of  the  monomer  unit 
(CH.-CFj) ,  and  it  may  have  simultaneously  at  least  two  stable  crystalline 
structures,  i.e.  a  polar  Form  1  (B-form)  and  a  non-polar  Form  2  (a-form).1*2  The 
Form  1  has  a  nearly  planar  zig-zag  chain  conformation  with  two  monomer  units  per 
unit  cell  (figu^g  1)  and  a  space  group  CmCZmCC^y).  It  has  a  net  dipole  moment  of 
2. ID  (=7.01*10  C-m)  per  monomer  unit  perpendicular  (i.e.,  b-axia)  to  t^e  chain 
axis  (i.e.,  c-axis)  which  leads  to  a  spontaneous  polarization  of  O.llC/m  for  an 
unpolfrd  single  crystal.3  The  Form  2  crystallite  belongs  to  the  apace  group 
P2,  (C_.)  in  which  each  molecule  has  a  T-C-T-G*  chain  conformation.  Although  each 
molecule  of  Form  2  structure  has  a  dipole  moment  normal  to  the  chain  axis, 
however,  the  adjacent  chains  pack  in  an  anti-polar  array  which  results  in  no  net 
dipole  moment  along  the  b-axis  (figure  2).  Of  all  the  polymers  PVF.  has 
attracted  special  attention  as  a  potential  transducing  material  because  of  the 
large  piezo  and  pyro-electricity  which  may  be  induced  in  thin  films  (PVF^)  by 
suitable  poling  in  a  high  electrical  field.  It  has  been  suggested3  that^tbe 
piezo-  and  pyro-electricity  in  PVFj  may  arise  either  from  the  heterogeneity  of 
trapped  charges  in  the  bulk  or  from  dipolar  orientations.  Murayama  et  al*  show 
that  for  poled  films  of  PVF^,  originally  containing  a  mixture  of  both  Form  1  and 
Form  2  crystallites,  the  piezo-electric  response  increases  with  increasing  Form  l 
content.  However,  Ohigashi3  has  observed  considerable  piezo-electric  responses 
from  poled  films  of  PVT^i  originally  containing  only  Form  2  crystallites.  Thus 
the  origin  of  the  piezo-  and  pyro-electricity  in  PVF^  has  yet  to  be  established 
unamb iguous ly . 

In  a  previous  report3  it  has  been  shown  that  after  corona  poling  of  PVFj 
films .containing  both  Form  1  and  Form  2  crystallites,  at  fields  not  exceeding 
*v2*10  vm  ,  a  conversion  of  the  non-polar  Form  2  crystallites  into  an  inter¬ 
mediate  polar  form  occurs  in  which  the  T-G-T-G’  conformation  of  the  molecular 
chain  is  still  maintained.7  This  may  be  accomplished  bg  only  s  rotation  of  the 
alternate  molecular  chains  about  the  c-axis  through  1B0  .  The  proposed  inter- 
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mediate  polar  form  ia  ahovn  ia  figure  3. 6,8  At  fields  in  ezceaa  of  2*10®Vm  * 
a  progressive  converaion  from  the  intermediate  polar  form  (figure  3)  to  Form  1 
structure  occura. 

The  present  work  ia  a  continuation  of  the  previous  structural  atudy6  in 
which  the  changes  in  X-ray  diffraction  profiles  of  corona  charged  25pm  thick  PVF. 
films  (Kureha)  have  been  measured  up  to  a  Bragg  angle  (29)  of  40°.  Furthermore,2 
infrared  spectral  studies  of  corona  charged  PVF^  films  have  also  been  made. 

The  variation  of  the  intensities  of  the  major  diffraction  peaks  with 
surface  potential  (corona  charging)  is  shown  in  figure  4.  It  may  he  observed 
(figure  4)  that  for  a  surface  potential  of  \5KV  the  Form  2  (110)  peak  reaches  e 
maximum  whilst  the  Form  2  (100)  becomes  vanishingly  small.  Furthermore,  figure  S 
shows  that  the  Form  2  (200)  also  reaches  a  maximum  after  corona  charging  at  a 
surface  potential  of  5KV .  The  observed  behaviour  of  Form  2  (110),  (200)  and  (100) 
is  in  agreement  with  the  structure  of  the  proposed  intermediate  polar  form 
(figure  3).  However,  the  observed  reduction  in  the  peak  heighta  (Form  2)  of  (020) 
(figure  4)  and  (040)/(210)  (see  figure  S)  may  not  be  explained  by  the  proposed 
conversion  of  the  non-polar  Form  2  into  an  intermediate  polar  form  (figure' 3). 

By  a  comparison  of  the  rate  of  changes  in  the  Form  2  peak  values  of  (100)  and 
(020)  due  to  corona  charging  at  5KV  surface  potential  (figure  6),  it  may  be 
observed  that  in  addition  to  the  conversion  into  an  intermediate  polar  form 
(figure  3)  a  further  process  must  also  be  occurring.  The  reduction  of  (020)  and 
(040)  peaks  may  be  explained  by  a  process  of  b-axis  orientation  by  an  interaction 
with  the  applied  field.  This  has  been  confirmed  by  the  X-ray  transmission 
diffraction  photographs  which  show  the  presence  of  these  peaks.  8>9  The  result 
of  both  these  processes  will  lead  to  an  internal  polarization  which  may  account 
for  the  significant  increases  in  the  piezo-  and  pyro-electric  responses  observed 
for  such  poling  conditions. 

It  has  been  shown10  that  the  intermediate  structure  iB  stable  up  to  a 
temperature  of  90°C  and  that  less  than  only  10Z  of  the  pieco-electricity  is  lost 
by  cycling  the  poled  specimen  up  to  this  temperature.  Furthermore,  the  piezo¬ 
electricity  was  observed  to  be  proportional  to  the  pyro-electricity  up  to  this 
tesgierature10  which  suggests  that  a  common  origin  may  be  responsible  for  both  the 
phenomena.  It  suy  also  be  noted  that  the  piezo-electricity  due  to  a  thermal 
expansion  against  its  constraints  may  be  responsible  for  a  significant  part  of 
the  observed  pyro-electricity  in  this  polymer. 


Figure  5  shows  that  the  intermediate  polar  form  gets  converted  in  Form  1 
structure  on  poling  the  specimen  with  corona  charging  at  a  surface  potential  of 
10KV.  This  corresponds  to  a  change  in  the  chain  conformation  from  a  T-C-T-C* 
to  a  zig-zag  type.  This  is  confirmed  (figure  7)  by  the  reduction  of  infrared 
absorption  peaks  of  Form  2  structure  which  are  in  agreement  with  Southgate.11  It 
may  also  be  observed  (figure  7)  that  the  Form  1  absorption  peak  at  510cm 
increases  after  poling.  This  may  only  be  due  to  a  conversion  from  Form  2  to  Form 
1  structure  because  Naegfle  and  Yoon1'  have  shown  that  vith  conventional  poling 
the  absorption  at  510cm  decreases  very  slightly  due  to  an  orientation  of  CF^ 
dipoles  along  the  direction  of  the  poling  field. 
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Figure  5. 

Effect  of  Increasing  Fields  on 
Higher  Order  Peaks  (25pm  sample) 


Figure  6. 

Variation  of  Intensities  of  Form  2 
Diffraction  Peaks  with  Time  due 
to  Corona  Charging  (  5KV). 

( 25pm  sample) 


Changes  in  1R  Spectrum  after  Corona  Charging (10KV ) 
(  2  5  pm  sample ) 

Figure  7. 
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These  results  deounstrate  that  the  origin  of  piezo-  and  pyro-electricity 
in  PVT j  ia  dipolar  orientation  rather  than  the  trapped  space  charge. 
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